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Abstract 

New titanium alloy compositions were identified for potential dental implants on the basis of 

having two-phase microstructures for good mechanical properties and by avoiding problematic 

elements to increase biocompatibility. The Thermo-Calc program with the TTTI3 (TT Ti-alloy) 

database was used to calculate new Ti compositions, without toxic Al and V as alloying elements. 

The aim was to mimic the α+β phase proportions in Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr 

(TTNZ) (an analogue for Ti-6Al-4V). Copper (Cu = 1, 3, 5 and 10 wt%) was varied to give the 

Ti2Cu phase, which gives good hardness and antibacterial properties. A cost analysis was done 

and the less expensive Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) compositions were 

selected for experimental work. The samples were made by arc-melting and prepared for 

microstructural studies to understand the influence of alloying elements, and to compare with the 

commercial Ti-6Al-4V and reported Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloys. Hot deformation of 

the as-received Ti-6Al-4V and TTNZ alloys was investigated, using a Gleeble 3500® Thermo-

mechanical Simulation Facility, at 850°C and 950°C and strain rates of 0.1 s-1 and 10 s-1. 

The as-cast Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys comprised αTi and 

βTi, with Ti2Cu once Cu was added, although EDX indicated some inhomogeneity. The XRD 

analyses identified αTi and small amounts of βTi with solid solution (shifted peaks), with some 

Ti2Cu. The Ti-8Nb-4Zr alloy (285 ± 7 HV) had similar hardness to Ti-6Nb-4Zr (280 ± 13 HV), 

and was considered the better alloy. Adding 5 wt% Cu increased the hardness due to Ti2Cu. 

With the Gleeble, deformation at 950°C and 10 s-1 led to a finer Ti-6Al-4V microstructure, whereas 

finer Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) microstructures occurred at 850°C and 10 s-1. The XRD of 

all deformed Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr samples indicated αTi and βTi, with shifted 

Ti peaks. The Ti-6Al-4V (324 ± 9 HV) deformed at 850°C and 0.1 s-1 had higher hardness than 

both deformed TTNZ samples. Higher flow stress were obtained at higher strain rate (10 s-1) and 

lower temperature (850°C). The Ti-6Al-4V alloy had higher flow stress than the TTNZ alloy. 

Therefore, the TTNZ alloy was considered better, due to its lower flow stress, which indicated 

better formability. The new alloys had similar hardnesses to Ti-6Al-4V, and were higher than for 

TTNZ, suggesting that they might have similar properties to Ti-6Al-4V. 
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Chapter 1: Introduction  

This chapter provides a brief overview of the dissertation. The background, problem statement and 

research motivation, research questions and objectives and the structure of the dissertation are 

provided. 

1.1 Background 

Titanium is a light-weight material with a high strength to weight ratio, good fatigue resistance 

and excellent corrosion resistance, and is widely used in aerospace, power generation and 

biomedical applications (Bothe et al., 1940; Leventhal & Bone, 1951). Materials are being 

implanted in the human body to restore lost functions caused by disease, trauma and infection 

(Brånemark et al., 1977). This is done through surgical techniques and enables patients to live 

longer, and aid in maintaining or regaining mobility for a more fulfilling life (Brånemark et al., 

1969). Titanium and its alloys are the biomaterials most commonly used in dentistry and load 

bearing orthopaedics to replace hard tissue and to mend broken bones (Bothe et al., 1940; 

Brånemark et al., 1977). The alloys are used as artificial knees, hip-joints and as supports for 

artificial teeth (Brånemark et al., 1969). Commercially pure titanium (CP-Ti) and the Ti-6Al-4V 

(wt%) alloy have been used in these applications due to their ability to bond with bone, which is 

termed “osseointegration” (Brånemark et al., 1969). 

More than 100 titanium alloys have been developed and categorised as alpha (α), alpha+beta (α+β) 

or beta (β) alloys (Leyens & Peters, 2003; Long et al., 2014). The Ti-6Al-4V alloy is a two-phase 

(α+β) alloy with the desired mechanical properties for biomedical applications, and is the most 

investigated compared to other Ti alloys (Long & Rack, 1998; Leyens & Peters, 2003; Long et al., 

2014). The existence of the α/β transformation in Ti alloys means that different microstructures 

and properties can be achieved, for example by thermo-mechanical processing (Leyens & Peters, 

2003). The properties of Ti-6Al-4V include: high yield and tensile strength, good ductility, and 

excellent fatigue and corrosion resistance (Welsch et al., 1993; Niinomi, 1998; Roos-Jansaker et 

al., 2003). However, CP-titanium and Ti-6Al-4V have a fundamental disadvantage as implant 

materials: commercially pure titanium does not have sufficient strength for load bearing implant 

applications, whereas Ti-6Al-4V has raised considerable concerns as the alloying elements, 
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aluminium and vanadium, are considered to be toxic to the human body (Eisenbarth et al., 2004; 

Akahori et al., 2005). Therefore, the biocompatibility of Ti-6Al-4V could be a concern. 

Zirconium, tantalum, niobium and molybdenum have been proposed as the potential non-toxic 

alloying elements to replace Al and V (Eisenbarth et al., 2004). Therefore, these elements can be 

considered to be biocompatible (Kuroda et al., 1998; Eisenbarth et al., 2004), because they can 

minimize adverse tissue reactions originating from the release of metal ions from the implant 

(Meng et al., 2014). 

The osseointegration and biocompatibility concepts have led to studies to develop new Ti alloys 

for biomedical applications. The common goal is to have a low Young’s modulus closer to that of 

bone, to avoid bone resorption (Long & Rack, 1998; Niinomi, 1998), and add copper for good 

antibacterial properties against inflammation and a progressive bone loss due to peri-implantitis 

(Hultin et al., 2002; Ren et al., 2014). Stenlund et al. (2015) developed the Ti-10.1Ta-1.7Nb-1.6Zr 

alloy to improve the mechanical strength and osseointegration performance compared with Ti-6Al-

4V. 

In this study, an attempt has been made to determine new titanium alloys for biomedical 

applications. The aim was to mimic the α+β phase proportions in Ti-6Al-4V by replacing toxic Al 

and V with biocompatible elements. The commercial Ti-6Al-4V and reported Ti-10.1Ta-1.7Nb-

1.6Zr alloys were used as the basis for the investigations, and were compared in deformation 

studies, without copper. Work has been occurring already for adding copper to the latter alloy 

(Fowler et al., 2019) so this was not repeated. Instead, new alloys with different copper 

compositions (Cu = 0, 1, 3, 5 and 10 wt%) were varied to give the Ti2Cu phase, which gives good 

hardness (Takahashi et al., 2002; Aoki et al., 2004) and antibacterial properties (Ren et al., 2014; 

Fowler et al., 2019a). The microstructures, hardness and thermo-mechanical properties, with and 

without copper additions, were studied. 

The compositions and phase proportions were calculated using the Thermo-Calc program, with 

the TTTI3 (TT Ti-alloy) database, to give good phase distribution at 400°C (the lowest temperature 

where the data are taken to be reliable). The Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 

wt%) samples were made by arc-melting and prepared for microstructure studies to understand the 

influence of alloying elements, and to compare with the Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr 
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alloys. The thermo-mechanical investigations, using the Gleeble 3500® Thermomechanical 

Simulation Facility, were done to study the hot deformation behaviour of Ti-6Al-4V and Ti-

10.1Ta-1.7Nb-1.6Zr, whereas hardness testing was done to investigate the effect of Ti2Cu 

precipitates due to copper additions. 

1.2. Problem statement and research motivation 

Recent research on titanium alloys with copper additions showed very promising biocompatibility, 

corrosion, mechanical and antibacterial properties (Ren et al., 2014; Zhang et al., 2016a; Fowler 

et al., 2019a). However, due to the novelty of Ti-Cu alloys in biomedical applications, much is 

unknown regarding their microstructures and thermo-mechanical properties. Therefore, the Ti-

6Al-4V, Ti-10.1Ta-1.7Nb-1.6Zr and the new identified Ti alloys were investigated for improved 

microstructures and mechanical properties. The biocompatibility, corrosion and antibacterial 

properties of Ti-Cu alloys were studied by Ren et al. (2014), Zhang et al. (2016a) and Fowler et 

al. (2019a).  

1.3. Research questions  

 How does adding Cu, to Ti-6Al-4V, Ti-10.1Ta-1.7Nb-1.6Zr, and the compositions 

identified, affect the phase proportions and formation temperatures? 

 How does Cu influence the microstructures and mechanical properties of some Ti alloys?  

 How does thermo-mechanical treatment affect the microstructures and mechanical 

properties?  

 How do thermo-mechanical properties and microstructure of Ti-10.1Ta-1.7Nb-1.6Zr (a 

Ti-6Al-4V analogue) differ from Ti-6Al-4V?  

 What are the potential alloying compositions for the replacement of toxic Al and V?  

1.4. Hypothesis  

It is expected that adding enough copper will give the Ti2Cu phase, and good hardness (Takahashi 

et al., 2002; Aoki et al., 2004) as well as good antibacterial properties (Ren et al., 2014; Fowler et 

al., 2019a), but the latter was not studied in this work. It was also expected that replacement of Al 

and V with Zr, Nb, Ta and Mo will give similar α+β proportions as Ti-6Al-4V, and similar 

microstructures.  
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1.5 Aim and Objectives 

1.5.1. Aims 

 To use Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr as a basis to develop new α+β titanium 

alloys with better mechanical properties for biomedical applications. 

 To replace the Al and V in Ti-6Al-4V with non-toxic alloying elements.  

 To achieve similar α+β phase proportions as the α+β Ti-6Al-4V alloy, and also have the 

Ti2Cu phase after adding Cu to the Ti alloys.  

 To investigate the microstructures and hardness of selected new Ti alloys. 

 To investigate the microstructures, hardness and thermo-mechanical properties of Ti-6Al-

4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys. 

1.5.2. Objectives  

 To use Thermo-Calc to vary and determine copper compositions suitable for alloying the 

Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr, and identify some new Ti alloy compositions.  

 To perform Thermo-Calc calculations on Ti alloys with replacements for Al and V, with 

non-toxic elements for α and β stabilising, and see the overall effect. 

 To perform SEM and XRD analysis, and microhardness testing of the Ti alloys.  

 To investigate the thermo-mechanical properties of selected Ti alloys using the Gleeble 

3500® Thermomechanical Simulation Facility.  

1.6. Structure of the dissertation 

This dissertation has seven chapters, divided into: Introduction, Literature Review, Experimental 

Procedure, Thermo-Calc Results, Experimental Results, Discussion, and Conclusions and 

Recommendations. Chapter 1 details the background, problem statement and research motivation, 

research questions and aims/objectives of the research. Chapter 2 is the literature survey based on 

the previous studies and findings. The experimental methods with step-by-step procedures are 

summarised in Chapter 3, and Chapter 4 gives the Thermo-Calc results. The experimental results 

are presented in Chapter 5. The detailed discussion of the results is given in Chapter 6, and the 

research conclusions and recommendations for future work are presented in Chapter 7.   
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Chapter 2: Literature Review  

This chapter is based on the history and previous studies on titanium and its alloys. The general 

properties are summarized, and the processing and manufacturing of Ti alloys are explained. 

Different Ti alloys with different phases, microstructures, biocompatibility and mechanical 

properties are also detailed. A general overview of the effect of copper additions and the thermo-

mechanical treatment of Ti alloys is also given.  

2.1. Titanium and its general properties 

Titanium was first discovered in England in 1790 by Sir Willian Gregor, a British mineralogist 

and chemist, and named in 1795 by the German chemist Martin Heinrich Klaproth (Leyens & 

Peters, 2003; Liu et al., 2004). It is one of the transition elements in Group IV and Period 4 of the 

Periodic Table, and has an atomic number of 22 and an atomic weight of 47.90. Titanium is a 

nonferrous light metal with a melting point of 1668ºC and a density of 4.54 g/cm3, and exists in 

more than one crystallographic form i.e. is allotropic (Long & Rack, 1998; Leyens & Peters, 2003). 

At room temperature, Ti has a hexagonal close-packed (hcp) structure, alpha (α) phase, αTi. Above 

882ºC, it transforms into a body-centred cubic (bcc) structure, beta (β) phase, βTi, and the basal 

planes of {0001}α change to {110}β planes (Figure 2.1) (Donachie, 2000; Leyens & Peters, 2003). 

The αTi phase is anisotropic and denser (Long & Rack, 1998; Leyens & Peters, 2003). 

The hcp structure has only three slip systems, while bcc has a maximum of 48 slip systems (Long 

& Rack, 1998; Chandrasekaran & Zhang, 2005), although not all are active at a single temperature. 

This affects the response to plastic deformation and leads to large differences in the workability of 

the phases (Chandrasekaran & Zhang, 2005). Thus, the bcc phase is more likely to undergo plastic 

deformation (Leyens & Peters, 2003). Figure 2.1 shows the unit cells of the hcp αTi and the bcc 

βTi with their most densely packed planes and directions highlighted, and Table 2.1 gives their 

properties.  
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Figure 2.1: Crystal structure of hcp α and bcc β phase of titanium (Leyens & Peters, 2003). 

 

Table 2.1: General properties of titanium (Liu et al., 2004). 
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2.2. Processing and manufacturing of titanium alloys  

Titanium passes through four stages of processing from ore to finish product (Lütjering & 

Williams, 2003). The stages include: 1) reduction of titanium ore to a porous titanium sponge; 2) 

melting of the sponge (or a master alloy) to form an ingot; 3) primary fabrication of the ingots into 

mill products; 4) secondary fabrication of mill products into finished titanium shapes (ASM, 1994; 

Lütjering & Williams, 2003). Titanium sponge must meet strict specifications to assure a control 

of compositions in the ingots (Lütjering & Williams, 2003). The most important factor is to keep 

the content of hard, brittle and refractory Ti oxides, Ti nitrides or complex Ti oxynitride particles 

at negligible levels (ASM, 1994; Lütjering & Williams, 2003). If retained, they will act as crack 

initiation sites in the final product (Lütjering & Williams, 2003). Residual elements commonly 

found in Ti sponge are oxygen, carbon, nitrogen, silicon and iron. High quantities of these elements 

have been shown to increase the strength, but reduce the ductility of the final product, and therefore 

must be kept at acceptable low levels (Leyens & Peters, 2003; Lütjering & Williams, 2003). 

Modern melting techniques are employed to remove volatile substances from the sponge to 

produce ingots of high quality (Lütjering & Williams, 2003). Vacuum arc melting is used for 

production of Ti alloy ingots of 75 mm to 1.5 m diameter, for industry applications (Leyens & 

Peters, 2003; Lütjering & Williams, 2003). The process uses pure argon gas to create an oxygen-

free environment in the furnace for melting and re-melting to give homogenization and refining of 

ingots casted in water-cooled copper crucibles (Leyens & Peters, 2003; Lütjering & Williams, 

2003). The advantages are the elimination of hydrogen, nitrogen and oxygen which may cause 

brittleness and cracking (Lütjering, 1998; Leyens & Peters, 2003). The rate of melting and 

solidification depends on the operating conditions (Damkroger & Edwards, 1990; Lütjering, 

1998). Increased solidification rates lead to an increased risk of micro-segregation, which is 

compositional variations in the ingot (Lütjering, 1998; Leyens & Peters, 2003). However, the 

inhomogeneity can be alleviated by thermomechanical processing (Lütjering, 1998). The cooling 

rates influence the grain structure produced during solidification (Lütjering & Williams, 2003). In 

general, higher cooling rates result in finer grains and homogeneous microstructures (Lütjering, 

1998; Lütjering & Williams, 2003).  

The primary fabrication is done to break down the coarse and inhomogeneous ingot structure, by 

preheating and forging in the β phase field, at 100°C-150°C above the β-transus temperature (ASM, 
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1994; Lütjering & Williams, 2003). The forging process is divided into cogging and upsetting, 

which differ by how the forging die is hot worked (Lütjering & Williams, 2003). Round ingots are 

pressed between flat dies along the ingot length during cogging, whereas the ingots are pressed 

along the ingot axis in upsetting (ASM, 1994; Lütjering & Williams, 2003). The forging 

temperature is controlled and dropped below β-transus temperature, to allow enough hot work in 

the ingot for subsequent heat treatments (Lütjering, 1998; Leyens & Peters, 2003). 

2.3. Phases in titanium alloys 

Titanium alloys are classified according to the morphology, size and the amounts of the α and β 

phases at room temperature (Leyens & Peters, 2003). The classification also depends on how any 

α/β stabilisers affect the β transformation temperature (Tβ). The β-transus temperature, 882ºC for 

pure Ti, separates the β phase field from the α+β field (Leyens & Peters, 2003; Guillemot et al., 

2004). Beta (β) exists as a stable phase above the β-transus (Leyens & Peters, 2003). Alpha 

stabilisers increase the β transformation temperature, whereas β stabilisers decrease it (Leyens & 

Peters, 2003; Akahori et al., 2005). Solid solution strengthening elements do not affect the β-

transus temperature, and are considered neutral (Long & Rack, 1998; Leyens & Peters, 2003). 

These influences are shown in Figure 2.2 (Leyens & Peters, 2003).  

 

Figure 2.2: Schematic Ti phase diagrams showing the effects of selected alloying elements (Leyens & 

Peters, 2003). 
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Table 2.2 gives the α and β stabilisers, and neutral elements for the alloying of titanium. There are 

two types of β stabilisers, eutectoid and isomorphous (Leyens & Peters, 2003), Table 2.2. The β-

eutectoid stabilisers have eutectoid behaviour and are compound formers, whereas β-isomorphous 

stabilisers are soluble in β (and do not form brittle intermetallic compounds) (Leyens & Peters, 

2003; Chandrasekaran & Zhang, 2005). The modulus of the β phase decreases with decreasing 

content of the β-stabilising elements (Laheurte et al., 2010; Jung et al., 2013). 

 

Table 2.2: Alloying elements which are -stabilisers and -stabilisers in Ti alloys (Leyens & Peters, 

2003). 

 

Figure 2.3 is one of the several versions of the Ti-Al systems (Massalski, 1990). Apart from the 

(αTi) and (βTi) phases, there are intermetallic phases such as α2-Ti3Al, γ-TiAl, TiAl2 and TiAl3 

(Massalski, 1990; Leyens & Peters, 2003). Alloys with the α2-Ti3Al and γ-TiAl phases are used in 

the aerospace industry due to their low density, high-specific strength and stiffness, high-

temperature creep and oxidation resistance (Lütjering, 1998; Leyens & Peters, 2003). Titanium 

aluminides such as TiAl2 and TiAl3 have poorer ductility and fracture toughness at room 

temperature, and therefore their applications are limited (Leyens & Peters, 2003). However, their 

ductility can be improved by refining the microstructures of the alloys (Lütjering, 1998; Leyens & 

Peters, 2003).  Figure 2.3 also shows that the brittle αTiAl3 phase is formed above 60 wt% Al. To 

avoid the formation of Ti3Al precipitates in the αTi phase, the Al content in most Ti alloys is 

limited to 6 wt% (Lütjering, 1998; Leyens & Peters, 2003). Ageing at 500°C will precipitate Ti3Al, 

whereas heat treatment at 600°C or above is used to relieve stress (Massalski, 1990; Lütjering, 

α-stabilizing      Neutral             β-stabilizing 

β-isomorphous β-eutectoid 

            Al          Sn         Mo        Fe 

            O          Zr          V       Mn 

            N           Ta       Co 

            C          Nb       Ni 

           Ga        Cu 

      Si 

      H 

      W 

      Cr 
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1998). Titanium aluminides based on Ti3Al usually contain 20 - 45 wt% of β stabilisers (Lütjering, 

1998). 

 

Figure 2.3: Ti-Al phase diagram (Massalski, 1990). 

 

2.4 Different titanium alloys 

Titanium alloys can be categorised as α, near-α, α+β, β and metastable β alloys (Polmear, 1981; 

Collings, 1984; Leyens & Peters, 2003). Figure 2.4a shows a three-dimensional phase diagram to 

classify the Ti alloys. The α alloys are commercially pure titanium (CP-Ti) and alloys with α-

stabilising and/or neutral elements (Long & Rack, 1998; Leyens & Peters, 2003). A near-α alloy 

has small amounts of β stabilising elements (Bania, 1993; Schutz, 1993; Leyens & Peters, 2003). 

The α+β alloys have a β volume fraction of 5% to 40% at room temperature (Long & Rack, 1998; 

Peters & Lütjering, 2001).  

Metastable β alloys are β alloys with sufficient β stabilising elements so that β no longer transforms 

to martensite on quenching (Leyens & Peters, 2003; Zhou et al., 2004), shown in Figure 2.4b. The 
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martensite can be divided into hexagonal α´ martensite and orthorhombic α″ martensite, the latter 

being observed on quenching below 900°C (Collings, 1984; Leyens & Peters, 2003). The α″ 

martensite is softer than α´ martensite (Collings, 1984). Higher solution treatment temperatures, 

and lower amounts of β stabilising elements, lead to the formation of hexagonal α´ on quenching 

from above 900°C (Leyens & Peters, 2003). The hcp-α´ has an acicular, or sometimes fine 

lamellar, microstructure, and is similar to the α phase (Leyens & Peters, 2003; Zhou et al., 2004). 

In general, the α″ martensite and α´ martensite formation and size depend on the composition of 

β, and the quenching rate from the β field (Zhou et al., 2004). The martensite start temperature 

(Ms) and finish temperature (Mf) are composition dependent, and decrease with increasing solute 

concentration (Collings, 1984; Zhou et al., 2004). When the Mf is below room temperature, the β 

phase partly transforms, whereas when the Ms is below room temperature, the martensite 

transformation is completely suppressed and the β phase is entirely retained (Collings, 1984). A 

stress-induced martensitic transformation from the β phase to α″ martensite will result in a very 

low yield stress (Hao et al., 2006; Zhang et al., 2012), although still with a higher strength than 

αTi (Leyens & Peters, 2003). The α″ martensite has lower strength and hardness, but better 

ductility than the β phase (Hao et al., 2002).  

 

 

Figure 2.4: Schematic Ti phase diagrams: (a) to classify Ti alloys (Leyens & Peters, 2003), and (b) 

schematic binary isomorphous phase diagram showing martensite start temperature (MS) and other phases 

(Kolli & Devaraj, 2018). 
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The Young's modulus depends on the composition of the alloying elements and the type of phases 

present in the Ti alloys, and it is not sensitive to the grain size (Collings, 1984; Hao et al., 2002; 

Matlakhova et al., 2005). For example, the metastable ω-phase (hcp) may form during slow 

quenching from the β phase or during isothermal aging at 200-350°C intermediate temperatures 

(Hao et al., 2002; Leyens & Peters, 2003; Kolli & Devaraj, 2018) (Figure 2.4b). The formation of 

this phase can be prevented by the presence of oxygen (Leyens & Peters, 2003). The ω-phase has 

the highest Young's modulus, followed by the α′-phase and α′′-phase, whereas the β-phase has the 

lowest in most Ti alloys (Collings, 1984; Zhou et al., 2004; Matlakhova et al., 2005). Table 2.3 

compares the mechanical properties of different Ti alloys (Leyens & Peters, 2003). 

High cycle fatigue resistance depends on the resistance to crack nucleation, whereas low cycle 

fatigue resistance depends on resistance to crack propagation (Collings, 1984; Lütjering, 1998). 

The macrocrack propagation resistance and fracture toughness are improved by a large α size 

(Lütjering, 1998), whereas small α grains give improved yield strength, ductility, microcrack 

propagation resistance and fracture toughness (Lütjering, 1998). The microcrack propagation rate 

increases with increasing number of slip planes, and decreases with increasing cooling rate 

(Lütjering & Williams, 2003).  The size of α depends on the cooling rate from the β phase field 

and the prior β grain size (Collings, 1984; Lütjering, 1998). Increased cooling rate leads to a 

reduced α size and an improved low cycle fatigue resistance (Lütjering & Williams, 2003). 

Increasing the α size (decreasing cooling rate) of the a+β alloys will decrease the propagation rate 

of the macrocracks, thus improving the fracture toughness (Lütjering, 1998; Lütjering & Williams, 

2003).  

 

Table 2.3: Mechanical properties of different types of titanium alloys (Leyens & Peters, 2003). 

Properties           α alloys        α+β alloys           β alloys 

Yield Strength Low  High  High  

Ductility Medium  High Low (for high strength β 

alloys) 

Density Low Medium  High 

Fracture toughness Microstructure 

dependent 

Microstructure 

dependent 

Microstructure 

dependent 

Creep strength High (hcp lattice)  Medium to high Low (bcc lattice) 

Corrosion resistance High High High 

Young’s modulus High Medium to low Low 
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The mechanical properties of titanium are enhanced by its allotropic behaviour, and are 

microstructure and heat treatment dependent. Their microstructures are influenced by the chemical 

composition and thermo-mechanical processing (Lütjering & Williams, 2003). 

2.4.1. Alpha (α) and near-α alloys 

Alpha and near-α alloys have superior corrosion resistance, but lower yield strength than α+β and 

β alloys (Long & Rack, 1998; Leyens & Peters, 2003). The α alloys are single-phase alloys and 

are generally not heat treatable and weldable, and have good notch toughness and good creep 

resistance at 300ºC (Smith, 1981; Leyens & Peters, 2003). The near-α alloys are primarily α alloys 

with small amounts of retained β phase in the final microstructure (Leyens & Peters, 2003). They 

are a good compromise between the higher strength of α+β alloys and the creep resistance of α 

alloys, with small additions (1 to 2 wt%) of β stabilisers to improve the strength and workability 

(Long & Rack, 1998; Leyens & Peters, 2003). Both α and near-α alloys are mostly used in aero-

engines for high temperature application (Leyens & Peters, 2003).  

Commercially pure titanium belongs to the α-Ti alloys, and the grades differ in oxygen and iron 

content (Long & Rack, 1998; Leyens & Peters, 2003). Table 2.4 gives different Ti grades and their 

yield strengths. The grades are used for biomedical applications such as dental screws (Long & 

Rack, 1998; Leyens & Peters, 2003). 

 

Table 2.4: Different commercially pure Ti grades with oxygen, iron contents and yield strengths (Long & 

Rack, 1998; Leyens & Peters, 2003). 

Type Oxygen content (wt%) Iron content (wt%) Yield strength (MPa) 

Grade 1 0.18 0.20 240 

Grade 2 0.25 0.30 345-400 

Grade 3 0.35 0.30 450-500 

Grade 4 0.40 0.50 550-740 

 

Increased oxygen increases the yield strength (Table 2.4), but with a simultaneous reduction in 

ductility (Leyens & Peters, 2003). The fatigue strength also increases significantly as the oxygen 

content increases (Leyens & Peters, 2003). The oxygen content must be kept as low as possible to 
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optimize fracture toughness, and be sufficient to meet tensile strength requirements (Long & Rack, 

1998; Leyens & Peters, 2003). 

Types of α alloys include CP-Ti (Grades 1-4) and Ti-5Al-2.5Sn, and near-α alloys include: Ti-

8Al-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo. 

2.4.2. The α+β alloys 

The α+β alloys are two-phase alloys at room temperature (Smith, 1981; Long & Rack, 1998), and 

are the most commonly used titanium alloys for biomedical applications (Schutz, 1993; Leyens & 

Peters, 2003). These alloys have high Young’s modulus, high strength and good formability, but 

do not have as good creep resistance at elevated temperatures as the α and near-α alloys (Smith, 

1981). Their mechanical properties depend on the alloy composition, α/β phase proportions, heat 

treatment and thermo-mechanical processing conditions (Schutz, 1993; Bania, 1994; Leyens & 

Peters, 2003). The α+β alloys usually contain 4 - 6 wt% of β stabilisers, which allow substantial 

amounts of β phase to be retained on quenching from above Tβ (Smith, 1981; Leyens & Peters, 

2003). They are heat treatable to give a moderate increase in strength, depending on the β content 

(Long & Rack, 1998; Leyens & Peters, 2003; Nag et al., 2005). The volume fraction of β in the 

α+β alloys is around 40 vol.% (Peters & Lütjering, 2001), but may vary between 10-50 vol.% 

depending on the heat treatment (Lütjering, 1998).  

The amounts of α and β phase can be tailored according to the desired properties of the alloy: high 

tensile strength versus fracture toughness, good creep resistance versus low cycle fatigue, and high 

tensile strength versus high cycle fatigue (Leyens & Peters, 2003). Heat treating and processing to 

adjust the microstructure, and precipitation of the β phase, can enhance the desired properties 

(Leyens & Peters, 2003). For example, the high elastic modulus of α+β alloys is due to the high-

volume fraction of the α phase (Long & Rack, 1998; Nag et al., 2005). Heat treatment (ageing) at 

882°C gives small amounts of α-precipitates in the β matrix, and this is a reliable method for 

improving the tensile and yield strength of the α+β alloys (Long & Rack, 1998; Lütjering & 

Williams, 2003; Jablokov et al., 2005).  

Types of α+β alloys include Ti-6Al-4V, Ti-10.1Ta-1.7Nb-1.6Zr, Ti-6Al-7Nb, Ti-5Al-2.5Fe and 

Ti-6Al-6V-2Sn. 
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2.4.3. Beta (β) and metastable-β alloys 

Beta alloys, with up to 30 wt% β-stabilisers, retain 100% β phase on quenching to room 

temperature (Bania, 1994; Jha & Ravichandran, 2000). They have good combinations of low 

Young’s modulus, excellent corrosion resistance, good ductility, high yield strength and 

biochemical compatibility (Bania, 1993; Schutz, 1993; Long & Rack, 1998). The β alloys are heat 

treatable and have good formability (Schutz, 1993; Bania, 1994). However, they have low high-

cycle fatigue performance than α+β alloys at equivalent yield strength (Kokuoz et al., 2005). In 

general, β alloys can be processed to higher strength levels and exhibit better notch properties and 

fracture toughness than α+β alloys (Wang, 1996; Niinomi, 1998).  One of the ways to improve the 

processing of Ti alloys is to use β stabilisers to facilitate forging at lower temperatures 

(Chandrasekaran & Zhang, 2005). The β alloys are mostly preferred for biomedical applications 

due to their low Young’s modulus that is closer to that of bone (Schutz, 1993; Bania, 1994; Jha & 

Ravichandran, 2000).  

Metastable-β alloys contain 10 - 15 wt% of β-stabilisers, and small amounts of α-stabilisers as 

strengthening elements (Lütjering, 1998). They can be aged to form very fine Widmanstätten α 

phase in the β-matrix (Lütjering, 1998; Leyens & Peters, 2003). The metastable-β alloys have high 

yield strength, toughness and are forgeable (Leyens & Peters, 2003). They are most commonly 

used in aircraft applications (Lütjering, 1998; Leyens & Peters, 2003). 

Types of β alloys include Ti-13Nb-13Zr, Ti-15Mo, Ti-29Nb-13Ta-4.6Zr, Ti-15Mo-2.8Nb-0.2Si 

and Ti-15Mo-5Zr-3Al. 

2.5. Microstructures of Ti alloys 

The microstructure can be tailored by heat treatment or thermo-mechanical treatment (Schutz, 

1993; Bania, 1994). Thermo-mechanical treatment is a complex sequence of solution heat 

treatment, deformation, re-crystallisation, ageing and annealing for stress relief (Schutz, 1993; 

Olsson, 2008), shown in Figure 2.5. This is usually done to optimise the mechanical properties of 

titanium alloys, i.e. ductility, strength, fatigue resistance or fracture toughness (Boyer & Hall, 

1993; Leyens & Peters, 2003), and is very important because alloying elements alone have small 

influence on the mechanical properties (Niinomi, 1998). 
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Figure 2.5: Schematic diagram showing thermomechanical treatment of titanium alloys (Leyens & 

Peters, 2003). 

 

Due to temperature variations during forging, the microstructure can be non-uniform with globular 

(primary) α and transformed β (Widmanstätten) phases when heat treated in the α+β phase field 

(Damkroger & Edwards, 1990; Pederson, 2002). A heat treatment at 50-75°C above the β-transus 

is usually applied after forging to minimize the microstructural variations (Lütjering, 1998). The 

stored work after forging promotes recrystallisation, and the heating time is kept at minimum to 

prevent excessive grain growth (Pederson, 2002). However, normal heat treated grain sizes are 

about 500 µm (Lütjering, 1998; Pederson, 2002). During cooling, the α phase forms in the prior β 

grain boundaries, whereas basketweave α forms within the β grains via Widmanstätten 

transformation (Damkroger & Edwards, 1990; Lütjering, 1998). High cooling rates are preferred 

to reduce the grain boundary thickness of α phase, due to its deleterious effect on subsequent hot 

working (Damkroger & Edwards, 1990). This also promotes a finer basketweave α structure within 

the prior β grains (Damkroger & Edwards, 1990; Pederson, 2002). Different factors such as heat 

treatment, alloying compositions and microstructures contribute to the mechanical and physical 

properties of titanium and its alloys (Damkroger & Edwards, 1990; Lütjering, 1998). 
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In general, fine microstructures are beneficial for high strength, ductility, retarding crack 

nucleation and growth, and are also needed for plastic deformation (Lütjering, 1998; Rack & Qazi, 

2006). Coarser microstructures are resistant to creep and fatigue crack growth (Pederson, 2002; 

Rack & Qazi, 2006).  

The types of microstructures that are of interest are lamellar and equiaxed microstructures or 

bimodal, which is a combination of the two (Leyens & Peters, 2003; Rack & Qazi, 2006). The 

coarser α lamellar microstructure is formed by slow cooling from the β phase field (Leyens & 

Peters, 2003; Ding & Guo, 2004). Below the β-transus temperature (Tβ), alpha (α) nucleates at 

grain boundaries and grows as lamellae into the prior β grains (Leyens & Peters, 2003). Slowly 

cooled (50ºC/h) Ti alloys show β as a small seam around the coarse α lamellae (Leyens & Peters, 

2003; Rack & Qazi, 2006) (Figure 2.6a). Air cooling results in a needle-like hcp α-phase (acicular 

α) (Rack & Qazi, 2006).  

Subsequent solution heat treatment in the α+β field and slow cooling lead to a recrystallised and 

fine equiaxed microstructure (Leyens & Peters, 2003; Rack & Qazi, 2006). The alloy first has to 

be highly deformed in the α+β field to introduce enough cold work into the material (Damkroger 

& Edwards, 1990; Leyens & Peters, 2003). Extended annealing coarsens the equiaxed 

microstructure, shown in Figure 2.6b (Rack & Qazi, 2006). Solution heat treatment just below the 

β-transus temperature and quenching from 750ºC result in a bimodal microstructure consisting of 

primary α grains in a transformed β-matrix (Figure 2.6c) (Leyens & Peters, 2003; Rack & Qazi, 

2006). Figure 2.6d shows a fine needle-like microstructure due to the martensitic transformation 

of β, after rapid quenching (at 1050ºC) (Leyens & Peters, 2003). With fast cooling rates from 

800ºC, above the martensitic start temperature (Ms) and through the two-phase field, β transforms 

into martensite (Figure 2.6e) (Lütjering, 1998; Leyens & Peters, 2003). At lower temperatures 

(650ºC) and below Ms, the β volume fraction further decreases and no longer transforms to 

martensite (Figure 2.6f) (Damkroger & Edwards, 1990; Leyens & Peters, 2003).  
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Figure 2.6: Optical micrographs showing different Ti-6Al-4V microstructures: (a) lamellar, (b) equiaxed 

and (c) bimodal (Rack & Qazi, 2006), and after slow cooling (50ºC/h) and water quenching from (d) 

1050ºC, (e) 800ºC and (f) 650ºC. Light areas are α phase, dark areas are β phase (Leyens & Peters, 2003). 

 

A coarse lamellar structure (Figure 2.6a) has high fatigue crack propagation resistance and high 

fracture toughness (Lütjering, 1998; Filip et al., 2003), but with reduced strength and ductility 

compared to the equiaxed microstructure (Figure 2.6b) (Rack & Qazi, 2006). Fatigue crack 

initiation for titanium alloys decreases with coarsening of the microstructure (Filip et al., 2003; 

Leyens & Peters, 2003). A fine equiaxed microstructure is preferred for α+β titanium alloys, due 

to high fatigue strength and ductility (Manivasagam, 2003; Rack & Qazi, 2006). The bimodal 

structure (Figure 2.6c) has improved yield stress, tensile stress, ductility and fatigue strength 

(Lütjering, 1998; Rack & Qazi, 2006). Table 2.5 gives the general mechanical properties of 

lamellar and equiaxed microstructures, and how coarsening of the microstructure influences the 

important mechanical properties (Leyens & Peters, 2003). 

 

 

 

(d) (e) (f) 
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Table 2.5: Important mechanical properties of different microstructures (Leyens & Peters, 2003). 

Property Lamellar Equiaxed Fine Coarse 

Young’s modulus Un-affecting  Good/Bad (texture) Un-affecting Un-affecting 

Strength Bad Good Good Bad 

Ductility Bad Good Good Bad 

Fracture toughness Good Bad Bad Good 

Fatigue crack initiation Bad Good Good Bad 

Fatigue crack propagation Good Bad Bad Good 

Creep strength Good Bad Bad Good 

 

2.6. Important mechanical properties for biomedical alloys 

Titanium alloys have become the material of choice for biomedical applications due to their most 

desirable properties: high mechanical strength, excellent corrosion resistance, and good 

biocompatibility, especially their ability to bond with bone (i.e. osseointegration) (Steinemann, 

1998; Leyens & Peters, 2003). The demands on the mechanical performance of the implants have 

increased as people tend to live longer, remain active, while gaining weight (Toss, 2009). The 

mechanical properties of titanium alloys are mainly determined by the composition, heat 

treatments and the resulting microstructure (Bothe et al., 1940; Leyens & Peters, 2003). 

The alpha (α) phase has a higher Young’s modulus than the β phase, so the α+β Ti-6Al-4V alloy 

has higher Young’s modulus than β alloys due to the higher proportion of α phase (Leyens & 

Peters, 2003; Banerjee et al., 2005). Young’s modulus is a measure of the stiffness of a material 

(Long & Rack, 1998). Titanium and its alloys, e.g. α+β Ti-6Al-4V and Ti-6Al-4V ELI (extra low 

interstitial), have higher Young’s moduli than human bone (Table 2.6) (Long & Rack, 1998; 

Niinomi, 1998; Leyens & Peters, 2003). Human bone has a Young’s modulus of about 10-40 GPa, 

and the lowest for titanium alloys is around 50 GPa (Long & Rack, 1998; Leyens & Peters, 2003).  

The Young’s modulus of a multiphase alloy is mainly determined by the modulus of its individual 

phases and by their volume fractions (Lee & Welsch, 1990; Fan, 1993; Hao et al., 2002). For a 

two-phase alloy, the Young’s modulus can be predicted as: 

            E = V1 E1 + (1−V1) E2 …………………………………………….. Equation 2.1 
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where: E is the Young’s modulus of the two-phase alloy, and E1 and E2 are Young’s moduli of 

phases 1 and 2, respectively. The V1 is the volume fraction of the phase 1 (Hao et al., 2002; Zhou 

et al., 2004). Table 2.6 gives the mechanical properties of different Ti alloys (Niinomi, 1998). 

 

Table 2.6: Mechanical properties of different Ti alloys for biomedical applications (Niinomi, 1998). 

 

 

The Young’s modulus of biomaterials should match that of bone to avoid stress shielding that 

could lead to bone resorption (Long & Rack, 1998; Albrektsson et al., 2015), implant loosening 

and failure of the implant (Ho et al., 1999). Bone resorption, due to lower applied stress (because 

the bone is supporting less load than normal), is the breaking down of the bone into its minerals, 

and it is caused by a large difference in Young’s modulus between bone and implant material 

(Long & Rack, 1998; Sumner et al., 1998). When a load is applied, the implant absorbs the load 
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and hinders bone regeneration while enhancing bone resorption (Sumner et al., 1998).  This leads 

to an inability of the implant to bond with bone (Long & Rack, 1998; Niinomi, 1998).  

When a fractured bone is integrated with an implant material (Figure 2.7) such as bone plate, 

screws and bone nail, the implant endures load-bearing and shields the bone from the necessary 

stressing required to maintain its strength (Hanawa, 2012). Therefore, stress shielding would be 

induced (Huiskes et al., 1992; Hanawa, 2012), leading to inability of the bone to support the 

weight, due to the mismatch in Young’s modulus. 

 

 

Figure 2.7: Schematic diagram showing bone integration (Hanawa, 2012). 

 

In the orthopedic industry, the need to lower Young’s modulus to match that of bone has led to the 

development of three β alloys, Ti-13Nb-13Zr (wt%) and Ti-12Mo-6Zr-2Fe (wt%) (Mishra et al., 

1993; Wang et al., 1993), and Ti-15wt% Mo (Kuroda et al., 1998). The Ti-35Nb-7Zr-5Ta (wt%) 

(Ahmed et al., 1996) and Ti-29Nb-13Ta-4.6Zr (wt%) (Kuroda et al., 1998) alloys, also β type 

alloys, were developed to have excellent mechanical performance and Young’s modulus lower 

than Ti-6Al-4V (Akahori et al., 2004; Banerjee et al., 2005; Nutt et al., 2005). Niinomi et al. (2016) 

found a Young's modulus of 60 GPa for the Ti-29Nb-13Ta-4.6Zr (wt%) alloy. There have also 

been attempts to understand the influence of alloying additions on the modulus and yield strength 
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of Ti alloys (Kuroda et al., 1998; Song et al., 1999). Kuroda et al. (1998) designed Ti alloys with 

lower Young’s moduli for potential implant materials, and the Ti-Nb-Ta-Zr system was considered 

a suitable candidate. The development of the aforementioned β type titanium alloys may have also 

resolved the issue of biocompatibility by alloying with non-toxic and non-allergic elements like 

Nb, Ta, Mo and Zr (Mishra et al., 1993; Kuroda et al., 1998).  

In addition to low Young’s modulus, most β alloys have a lower yield strength than the α+β Ti-

6Al-4V due to the stress-induced martensitic transformation (Leyens & Peters, 2003; Gepreel & 

Niinomi, 2013). Precipitation hardening is usually done by annealing to increase the yield strength 

of β alloys (Niinomi, 1998), without sacrificing the low Young's modulus (Meng et al., 2014). It 

is important to enhance the mechanical properties of Ti alloys to achieve a good combination of 

high strength and low Young’s modulus (Zhou et al., 2004; Meng et al., 2014). The tensile strength 

can also be increased by grain refinement without varying Young’s modulus (Zhou et al., 2004). 

The β Ti-36Nb-5Zr (wt%) alloy annealed at 425°C for 25 minutes by Meng et al. (2014), showed 

a yield strength of 720 MPa and an ultimate tensile strength of 860 MPa, and a low Young's 

modulus of 48 GPa (no errors were supplied). This excellent combination of low Young’s modulus 

and high strength indicated a great potential for biomedical applications (Zhou et al., 2004; Meng 

et al., 2014). 

A useful relationship between strength and Young's modulus for implant applications is referred 

as the “elastic admissible strain” of an alloy (Song et al., 1999a). The elastic admissible strain is 

the yield stress-to-modulus ratio, and is an important parameter considered in orthopaedic 

applications (Song et al., 1999a, 1999b). A higher elastic admissible strain is more suitable for 

implant applications (Song et al., 1999a, 1999b). 

The beta titanium alloys Ti-3Al-15V-3Cr-3Sn, Ti-4.5Al-3V-2Mo-2Fe and Ti-3Al-8V-6Cr-4Mo-

4Zr (wt%) were studied for high strength, fracture toughness and ductility for biomedical 

applications (Wood, 2015). The alloys were annealed at 700-825°C for 25-60 minutes, and aged 

at 450-600°C for 24 hours. Annealing increased the alloys’ fracture toughness and ductility while 

ageing increased the strength (Wood, 2015).  

Implant materials sometimes fail due to cyclic loading, fatigue and corrosion (Ahmed et al., 1996; 

Akahori et al., 2004). Therefore, tensile, corrosion and fatigue performances are also important 
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properties for Ti alloys in biomedical applications (Leyens & Peters, 2003; Akahori et al., 2004). 

These mechanical properties are affected by the microstructures obtained from heat treatments or 

thermo-mechanical treatments, hence Akahori et al. (2004) studied the tensile, corrosion, and plain 

and fretting fatigue properties of β Ti-29Nb-13Ta-4.6Zr (wt%). The cold-rolled Ti-29Nb-13Ta-

4.6Zr, aged at 450°C, showed high fatigue strength in both low and high cycle fatigue life regions 

(Akahori et al., 2004). The fatigue strength was 770 MPa, nearly the same as that of hot-rolled Ti-

6Al-4V ELI aged at 450°C. The forged Ti-29Nb-13Ta-4.6Zr had a fretting fatigue limit of 180 

MPa after solution treatment, and 285 MPa (no errors were reported) when aged at 450°C. Passive 

current densities of forged and solution-treated Ti-29Nb-13Ta-4.6Zr, were smaller than those of 

forged Ti-15Mo-5Zr-3Al after annealing and hot-rolled Ti-6Al-4V ELI after ageing (Akahori et 

al., 2004). 

Fatigue strength was also affected by surface processing and finishing, and surface treatments 

(Niinomi, 2003b; Niinomi & Nakai, 2011). The alloy underwent solution treatment at 790°C for 1 

hour, and was aged at 400°C for 72 hours (Niinomi 2003b). The yield strength of Ti-29Nb-13Ta-

4.6Zr (wt%) increased from 420 MPa to 1100 MPa, and the fatigue strength increased from 325 

MPa to 775 MPa (errors were not reported) (Niinomi, 2003b). However, this was at the expense 

of an increase in the Young's modulus from 65 GPa to 85 GPa after the treatments, and no errors 

were reported (Niinomi, 2003b; Niinomi & Nakai, 2011).   

Beta-titanium alloys generally have good corrosion resistance, depending on the alloy composition 

and the environment (Schutz, 1993). Niobium and zirconium contribute to the formation of a 

highly protective passive film on titanium alloys and are not released into the environment, and 

are thus biocompatible (Kovacs & Davidson, 1993).   

2.7. Titanium alloys in biomedical applications 

Most commercial Ti alloys are used as landing gear and engine components in aerospace 

applications, where the Ti-6Al-4V alloy covers about 70% of the market (Donachie, 2000; Akahori 

et al., 2005). The remaining 30% is mainly the commercially pure (CP) titanium (Leyens & Peters, 

2003; Rack & Qazi, 2006).  

The Ti-6Al-4V is a two-phase alloy at room temperature and the most common of the α+β titanium 

alloys (Smith, 1981; Long & Rack, 1998). The Al in α+β Ti-6Al-4V stabilises the α phase, and V 
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stabilises β (Long & Rack, 1998; Leyens & Peters, 2003). The Ti-6Al-4V ELI (extra low 

interstitial) alloy is a purer version of Ti-6Al-4V, with lower oxygen, iron and carbon contents 

(Smith, 1981; Leyens & Peters, 2003). Both Ti-6Al-4V and Ti-6Al-4V ELI have an excellent 

combination of yield strength and fracture toughness with excellent corrosion resistance (Leyens 

& Peters, 2003). The Ti-6Al-4V ELI has better toughness and is used for biomaterials, bone 

fixation plates and the stems of artificial hip joints, due to small amounts of interstitial impurities 

which decrease the fatigue strength (Leyens & Peters, 2003; Hanawa, 2012). The mechanical 

properties of Ti-6Al-4V are due to the composition which determines the microstructure, which is 

a good balance between hcp (α phase) and bcc (β phase) (Leyens & Peters, 2003; Akahori et al., 

2005). The Ti-6Al-4V alloy has a 0.2% offset yield strength of 895MPa, and tensile strength of 

about 1000 MPa with adequate ductility (Long & Rack, 1998; Leyens & Peters, 2003; Hanawa, 

2012). The alloy also has high resistance to wear, hence is employed in jewellery and motor 

industries (Hanawa, 2012). 

Commercially pure titanium and Ti-6Al-4V alloy started to replace both stainless steels and cobalt-

based alloys in many medical applications, especially in orthopaedic and dental areas, as early as 

in the 1940s (Bothe et al., 1940; Leventhal & Bone, 1951). Commercially pure titanium is widely 

used for load-bearing bone implants, although it does not have the sufficient strength (Leyens & 

Peters, 2003; Akahori et al., 2005). The Ti-6Al-4V alloy has higher yield strength than CP-Ti and 

often used for load-bearing bone implants (Johansson et al., 1989; Albrektsson, 2008). However, 

the Ti-6Al-4V alloy as an implant has raised considerable concerns due to its alloying elements, 

aluminium and vanadium, which are considered to be toxic to the human body (Leyens & Peters, 

2003; Akahori et al., 2005). Additionally, Ti-6Al-4V has also shown signs of not going through 

osseointegration to the same extent as CP-Ti (Han et al., 1998; Steinemann, 1998). This is due to 

the body’s response to toxic Al and V, and the difference in Young’s modulus between bone (10-

40 GPa) and the implant material (100-110 GPa for Ti-6Al-4V) (Long & Rack, 1998; Steinemann, 

1998; Niinomi, 2003a).  

Implant materials are expected to be non-toxic and should not cause any inflammatory or allergic 

reactions in the human body (Long & Rack, 1998; Niinomi, 2003a). The success of the 

biomaterials mainly depends on the reaction of the human body to the implant, and this determines 

the biocompatibility of a material (Leyens & Peters, 2003). When implants are exposed to human 
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tissues and fluids, they react with the host and these reactions dictate the acceptability of the 

materials by the body (Niinomi, 2003a). 

There have been attempts to develop new biomedical alloys by replacing Al and V which are toxic 

(Long & Rack, 1998; Niinomi, 2003a), or trying to create the metastable β alloys with low Young’s 

modulus (Akahori et al., 2005). The attempts aimed to achieve microstructures and mechanical 

properties similar to or better than those of the α+β Ti-6Al-4V alloy. Aluminium has been 

associated with Alzheimer’s disease and phosphorous deficiency (Gurappa, 2002) in blood and 

bone, whereas vanadium has shown cytotoxic and carcinogenic properties (Gurappa, 2002; Nag et 

al., 2007). Zirconium, tantalum, tin, iron, niobium and molybdenum are considered to be 

biocompatible, and proposed as the potential non-toxic alloying elements to replace Al and V 

(Long & Rack, 1998; Leyens & Peters, 2003). 

Okazaki et al. (2004) evaluated the Ti-6Al-4V and Ti-15Zr-4Nb-4Ta (wt%) alloys in rat tibia 

tissues (in vivo) for 48 weeks. The Ti-15Zr-4Nb-4Ta implant had lower Ti in the tibia tissues than 

the Ti-6Al-4V. The Zr, Nb and Ta amounts in the tibia tissues were also very low (Okazaki et al., 

2004).  Okazaki & Gotoh (2005) investigated the metal release of Grade 2 CP-Ti, Ti-6Al-4V, Ti-

6Al-7Nb and Ti-15Zr-4Nb-4Ta (wt%) alloys, in vitro, at 37°C for 7 days. The metal release from 

the Ti-15Zr-4Nb-4Ta alloy was less than that of Ti-6Al-4V and Ti-6Al-7Nb (Okazaki & Gotoh, 

2005). Therefore, the Ti-15Zr-4Nb-4Ta alloy was considered good for long-term implants 

(Okazaki et al., 2004; Okazaki & Gotoh, 2005).  

Stenlund et al.  (2015) developed the Ti-10.1Ta-1.7Nb-1.6Zr (wt%) alloy, where Ta and Nb were 

chosen for β stabilising and Zr as a solution-hardening element. They determined the compositions 

using the Thermo-Calc software, and combining data from Ansara et al. (1998) (COST507 

database) with the Zr-Nb data by Guillermet (1991). The goal was to mimic the microstructure 

and the α+β phase proportions of Ti-6Al-4V (Figure 2.8), using only non-toxic elements to 

improve the mechanical strength. Figure 2.8 shows the phase proportion diagrams for Ti-10.1Ta-

1.7Nb-1.6Zr (Stenlund et al., 2015) and Ti-6Al-4V. 



26 
 

 

Figure 2.8: Phase proportion diagrams for Ti-10.1Ta-1.7Nb-1.6Zr and Ti-6Al-4V (wt%) (Stenlund et al., 

2015). 

 

The Ti-10.1Ta-1.7Nb-1.6Zr alloy was also evaluated for osseointegration (Stenlund et al., 2015), 

and showed increasing implant stability from 7 to 28 days, and with no sign of cytotoxicity or 

adverse tissue reactions. Compared to pure Grade 4 Ti, the alloy demonstrated equal 

cytocompatibility, induced less inflammatory response and became equally well osseointegrated 

(Stenlund et al., 2015). 

2.8. Biomedical implant infections 

Dental implants are currently being used in dentistry, and an estimated 7% patients suffer complete 

failure within 10 years (Leyens & Peters, 2003). Most of these failures are related to peri-

implantitis, a disease that leads to inflammation and a progressive bone loss around the implant 

(Hultin et al., 2002; Ren et al., 2014), as shown in Figure 2.9.  
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Figure 2.9: Cluster of bacteria associated with peri-implantitis (Rayant, 2016). 

 

The bacteria causing peri-implantitis include: Peptostreptococcus micros, Porphyromonas 

ginigivalis and Treponema denticola (Fransson et al., 2005; Mazel et al., 2019). Fransson et al. 

(2005) reported 28% of patients with peri-implantitis, and Atieh et al. (2013) with 19%, whereas 

Derks & Tomasi (2015) reported 22%. The devastating outcome is not the associated cost, but the 

irreversible loss of bone (Fransson et al., 2009). Peri-implantitis is an ongoing problem in the 

dental industry (Ren et al., 2014; Yoda et al., 2014) and strategies are needed to minimise this 

problem (Fowler et al., 2019a; Mazel et al., 2019). 

The antibiotic treatment of peri-implantitis has been a clinical practice, but the prescription of more 

potent antibiotics is not feasible (Hawkey, 2008; Alani et al., 2014). Khan et al. (2017) used 

organic compounds (oils) for bacterial colonisation to treat dental caries against Streptococcus 

mutans, and showed good antibacterial ability. Bacterial colonisation depends on the formation of 

biofilms (Arciola et al., 2012), which have the ability to survive antibiotic treatments due to less 

growth and poor penetration of antibiotics (Stewart, 2002; Vasudevan et al., 2019). The 

Staphylococcus epidermidis and Staphylococcus aureus are biofilm forming bacteria common in 

implant infections, and are suitable for testing the antibacterial ability of biomaterials (Zhang et 

al., 2003; Fowler et al., 2019a). Gill et al. (2005) reported the virulence and gene mutations by 
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Staphylococcus epidermidis and the antibiotic resistance of Staphylococcus aureus. Prevention of 

peri-implantitis is therefore important in developing antibacterial biomaterials (Ren et al., 2014; 

Yoda et al., 2014). 

There have been studies to reduce the bacterial effect on implants, which include: surface 

treatments (Yoda et al., 2014; Cao et al., 2018), use of photochemical reactions (Unosson et al., 

2016), surface coating with silver (Velasco et al., 2016), and alloying titanium with silver (Song 

et al., 2012) and copper (Ren et al., 2014; Zhang et al., 2016a; Fowler et al., 2019b). Silver 

appeared to be effective only at 37-60°C (Russel & Hugo, 1994; Yanovska et al, 2014), whereas 

Cu (in vitro) showed good antibacterial ability at ambient conditions (Michels et al., 2009). For 

this reason, Cu is being investigated for its antibacterial ability in thin films (Stranak et al., 2011; 

Jäger et al., 2019), ionic form (Mathews et al., 2013; Fowler et al., 2019c), and in titanium alloys 

(Liu & Zhang, 2015; Fowler et al., 2019a; Ke et al., 2019). 

2.9. Copper additions to titanium alloys 

Different titanium alloys, including the Ti-Cu alloy, have been studied. Copper is a β-stabiliser, 

and depending on the composition range, the melting point of the Ti-Cu alloy decreases with 

increased Cu content (Murray, 1983). The Ti-Cu alloy is classified as a titanium alloy with a 

eutectoid transformation and has a eutectoid point of (αTi) and Ti-Cu intermetallic compounds 

(Murray, 1983). Ansara et al. (2021) evaluated the Cu-Ti binary system showing congruent 

formation of Ti2Cu phase, Figure 2.10. 
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Figure 2.10: Assessed phase diagram of the Cu-Ti binary system, showing congruent formation of Ti2Cu 

without Ti3Cu (Ansara et al., 2021). 

 

Recent studies have indicated titanium-copper alloys as promising antibacterial materials (Hanssen 

& Rand, 1998; Moreira et al., 2015), and copper has proven to be a good antibacterial agent for 

biomedical applications (Ren et al., 2014; Zhang et al., 2016a). However, an excess of copper can 

be harmful to the human body (Bull et al., 1993). Copper can reduce bacterial populations by ion 

release into solutions (Mathews et al., 2013; Fowler et al., 2019c), as well as by direct contact with 

the bacteria (Jin et al., 2015; Fowler et al., 2019a).  

Ren et al. (2014) studied the antibacterial properties of as-cast Ti-6Al-4V-xCu (x = 1, 3 and 5 wt%) 

alloys, at 37°C for 24 hours. The results showed improved antibacterial abilities against both 

Escherichia coli and Staphylococcus aureus bacteria for increased Cu contents. The number of 

bacterial colonies reduced to nearly zero for the Ti-6Al-4V-5Cu alloy (Figure 2.11) (Ren et al., 

2014). 
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Figure 2.11: Numbers of bacterial colonies after co-culturing with Ti-6Al-4V-xCu alloys (Ren et al., 2014). 

 

Ma et al. (2015) also studied the as-cast Ti-6Al-4V-5Cu alloy at 37°C for 24 hours, and showed 

excellent antibacterial properties. Jung et al. (2014) electrochemically deposited small amounts of 

Cu onto Ti discs and both Escherichia coli and Staphylococcus aureus bacteria had a decrease in 

growth. The Ti-xCu (x = 2, 3 and 4 wt%) by Zhang et al. (2016a) and Ti-xCu (x = 5 and 10 wt%) 

by Zhang et al. (2016b) showed an increased antibacterial ability with increased Cu content and 

fine Ti2Cu phases. This supported the results by Shirai et al. (2009) and Liu et al. (2014a) who 

reported increased antibacterial rates for the Ti-xCu (x = 2, 5, 10 and 25 wt%) alloys. The alloys 

with 5 wt% Cu and more showed a strong and stable antibacterial rate (Figure 2.12) (Liu et al., 

2014a).  



31 
 

 

Figure 2.12: Antibacterial rate of Ti-Cu alloys against E. coli and S. aureus at different Cu content (Liu et 

al., 2014a). 

 

Fowler et al. (2019a) investigated the effect of Cu ions on Staphylococcus epidermidis bacteria 

and cells. There was no significant difference in bactericidal effect for the Ti-xCu (x = 0, 1, 2.5, 3 

and 10 wt%) alloys after 2 hours. However, the Ti-10Cu alloy had higher reduction of bacterial 

population in a direct contact test after 6 hours (Fowler et al., 2019a). Based on the antibacterial 

and Cu ions release analyses, the antibacterial mechanism of Ti-Cu alloys is schematically shown 

in Figure 2.13 (Ma et al., 2015). 
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Figure 2.13: Schematic illustration of the antibacterial mechanism of Ti-Cu alloys (Ma et al., 2015). 

 

When enough Cu is added to Ti-Cu alloys, it will be present in both βTi and αTi phases (Figure 

2.13). Exposing the Ti-Cu alloy in a bacterial suspension, trace amounts of Cu ions will release 

from the alloy with increasing immersion time and kill the bacteria (Ma et al., 2015). Thus, at least 

some Cu ions need to go into solution.  

The antibacterial effect is only one aspect of successfully functioning antibacterial biomaterials 

(Leyens & Peters, 2003). The mechanical, cytotoxicity and corrosive properties are also important 

and should be considered (Leyens & Peters, 2003). Excessive Cu additions lead to formation of 

Ti2Cu (Kumar et al., 1996) and Ti3Cu (Canale & Servant, 2002) intermetallic compounds, which 

can cause brittleness (Appel & Oehring, 2003; Zhang et al., 2016a). It is recommended to add 

enough Cu to give Ti2Cu and good antibacterial resistance without degrading the mechanical 

properties (Zhang et al., 2016b). Although Ti-10Cu (wt%) gave the best antibacterial ability, the 

3 wt% Cu was proposed for similar mechanical and corrosive performance as CP-Ti (Fowler et 

al., 2019a). This agreed with the results by Zhang et al. (2016a). Fowler et al. (2019b) studied the 

effect of Cu on the as-cast Ti-xCu (x = 0, 1, 3, 5 and 10 wt%) alloys, and after ageing at 400°C. 
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The aged Ti-3Cu and Ti-5Cu alloys had higher hardness, but less Ti2Cu phases than the aged Ti-

10Cu alloy (Figure 2.14) (Fowler et al., 2019b). However, the unaged Ti-10Cu alloy showed good 

antibacterial effect and superior hardness. Small amounts of Ti3Cu were found in the unaged Ti-

5Cu alloy but not shown by Figure 2.14 (Fowler et al., 2019b). Therefore, a careful balance of 

desired properties should be the objective prior to ageing (Fowler et al., 2019b). 

 

 

Figure 2.14: Microstructures of Ti-10Cu (wt%): (A) after rapid quenching from 798°C and (B) after ageing 

at 400°C (Fowler et al., 2019b). 

 

Copper (Cu = 0, 1, 3, 5 and 10 wt%) was added to the Ti-10.1Ta-1.7Nb-1.6Zr (wt%) alloy, to 

study the microstructures (Fowler et al., 2019d). The Ti2Cu phase was present above 3wt% Cu 

(Figure 2.15). The hardness increased with increased Cu, and remained the same for concentrations 

above 3 wt% Cu (Fowler et al., 2019d). 
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Figure 2.15: Microstructures of: (A) Ti-10.1Ta-1.7Nb-1.6Zr-3Cu and (B) Ti-10.1Ta-1.7Nb-1.6Zr-5Cu 

(wt%) showing Ti2Cu (Fowler et al., 2019d). 

 

Aoki et al. (2004) examined the mechanical properties of cast Ti-6Al-4V-xCu (x = 1, 4 and 10 

wt%) alloys. The Ti-6Al-4V-1Cu alloy had higher tensile strength (1016 MPa) than the Ti-6Al-

4V-10Cu (387 MPa) (Aoki et al., 2004) (no errors were given). The elongation decreased with 

increased Cu content, hence the Ti-6Al-4V-10Cu had the highest bulk hardness but was brittle 

(Aoki et al., 2004). Takahashi et al. (2002) studied the mechanical properties of Ti-xCu (x = 2, 5 

and 10 wt%), and the tensile strength, yield strength, and hardness increased with increased Cu 

(Figure 2.16). The mechanical properties were better than those of CP-Ti, but with reduced 

ductility due to the Ti2Cu precipitates (Takahashi et al., 2002). The Ti-5Cu and Ti-10Cu alloys 

had the same tensile strength, around 700 MPa (Figure 2.16) (Takahashi et al., 2002).   
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Figure 2.16: Mechanical properties of cast Ti-xCu (x = 2, 5 and 10 wt%) alloys (Takahashi et al., 2002).  

 

The results by Zhang et al. (2016b) of as-cast Ti-xCu (x = 5 and 10 wt%) alloys also showed that 

high proportions of Ti2Cu precipitates gave higher strength and hardness, but reduced ductility. 

Kikuchi et al. (2003) studied the cast Ti-xCu (x = 0.5, 1, 2, 5 and 10 wt%) alloys, and Figure 2.17 

shows that alloys with less Cu had lower strength, but higher ductility. The alloy with 10 wt% Cu 

had reduced ductility, whereas a balance between strength and ductility was observed for the alloy 

with 5 wt% Cu (Figure 2.17) (Kikuchi et al., 2003). 
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Figure 2.17: Tensile strength, yield strength, and elongation of Ti alloys (Kikuchi et al., 2003). 

 

Corrosion resistance has also been the focus of recent studies on Ti implant materials. Lin et al. 

(1990) and Takada et al. (2001) showed no significant difference in corrosion resistance between 

CP-Ti and Ti-Cu alloys with copper concentrations up to 30 wt%. The corrosion studies by Ren et 

al. (2014) on Ti-6Al-4V-xCu (x = 0, 1, 3 and 5 wt%) alloys showed similar potential polarisation 

(Figure 2.18a) and excellent pitting corrosion resistance (Figure 2.18b). Thus, additions of Cu did 

not affect the corrosion resistance of the alloys (Ren et al., 2014). Zhang et al. (2016a) and Fowler 

et al. (2019b) also reported no significant difference in corrosion resistance of CP-Ti and Ti-xCu 

alloys.  
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Figure 2.18: Corrosion studies of Ti-6Al-4V-xCu: (a) Potential polarisation and (b) Electrochemical 

corrosion currents and pitting potentials (Ren et al., 2014). 

 

Since biocompatibility is also a primary requirement for implant materials (Long & Rack, 1998; 

Leyens & Peters, 2003), it is necessary to evaluate the cytocompatibility of implants (Ren et al., 

2014; Ma et al., 2015). The as-cast Ti-6Al-4V-3Cu alloy was chosen for cytotoxicity evaluation 

(Ren et al., 2014) and showed no significant difference in cytocompatibility between the alloy and 

the Ti-6Al-4V for 2, 4 and 7 days. This also indicated that Ti-6Al-4V-3Cu had no cytotoxic effect 

on the L929 cells (from connective tissue of mouse species) tested (Ren et al., 2014). Ma et al. 

(2015) studied the cytocompatibility of the as-cast Ti-6Al-4V-5Cu alloy for 2, 4 and 7 days, and 

showed no toxicity effects. This confirmed a good cytocompatibility of the as-cast Ti-6Al-4V-5Cu 

alloy (Ma et al., 2015). Excess amounts of Cu could be toxic to human body (Bull et al., 1993), 

therefore 3 wt% Cu and 5 wt% Cu were recommended (Ren et al., 2014; Ma et al., 2015). 

The biocompatibility of a Ti-10Cu (wt%) alloy was studied by Liu et al. (2014b) for 1 and 3 days. 

There was no difference in cell morphology between the Ti-10Cu and CP-Ti alloys, and both 

showed good cell growth and no cytotoxicity (Figure 2.19) (Liu et al., 2014b). Zhang et al. (2015) 

investigated the influence of Cu on the cell biocompatibility of the Ti-xCu (x = 2, 5, 10 and 25 

wt%) alloys. An increase in Cu content did not show any difference in the body’s cell viability 

(Zhang et al., 2015). The results indicated that Ti-Cu alloys had excellent cell biocompatibility, 

however, 25 wt% Cu had no influence on the cell growth (Zhang et al., 2015). 
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Figure 2.19: Morphologies of MG63 cells cultured on Ti-10Cu and CP-Ti surfaces, showing similar cell 

growth: (a) Ti-10Cu for 1 day, (b) Ti-10Cu for 3 days, (c) CP-Ti for 1 day and (d) CP-Ti for 3 days (Liu et 

al., 2014b). 

 

2.10. Thermo-mechanical simulation using the Gleeble 3500® Thermomechanical Simulation 

Facility 

Thermo-mechanical simulation studies using the Gleeble 3500® Thermomechanical Simulation 

Facility have been applied in metal processing industries including process optimisation, 

development of new alloys, quality/yield improvement and material characterisation (Kumar, 

2015). The Gleeble 3500® is a thermo-mechanical simulation system that can be used for hot 

tensile, compression, ductility and fatigue testing (Kumar, 2015). Metallurgical processes such as 

continuous casting, hot rolling, strip annealing, forging, and welding can also be studied to 
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investigate the high strength, ductility, creep and high fatigue resistance (Kumar, 2015) required 

for the new Ti alloys.  

Titanium alloys can be forged into desired shapes by deformation. However, the alloys are 

challenging to forge (Damkroger & Edwards, 1990; Kumar, 2015). Therefore, it is essential to 

control the forging temperature due to the phase transformations that may degrade the mechanical 

properties or cause embrittlement at 940-980°C (Altan et al., 1973; Jha & Kumar, 2010). Hot 

compression testing can be done to study hot deformation behaviour, by heat treating the specimen 

to the deformation temperature and compressing it (Jha & Kumar, 2010). Heat treatment by 

annealing for Ti alloys involves heating to a temperature of 700-1050°C, holding for 120-300 

seconds and cooling to room temperatures (Jha & Kumar, 2010). This helps with good formability 

and improved microstructure, and good fracture toughness, ductility and creep resistance (Gilbert 

& Shannon, 1991; Jha & Kumar, 2010). Hot compression can also be used to study flow stress, 

stress-relaxation, hot workability, and flow softening behaviour due to recrystallisation and 

recovery (Jha & Kumar, 2010). Hot compression can be divided into two categories; (i) uniaxial 

flow stress compression and (ii) plane strain compression, depending upon the stress conditions. 

Uniaxial compression is closer to forging, whereas plane strain compression is experienced in hot 

rolling (Jha & Kumar, 2010). 

For effective use of hot compression studies, it is important to consider the heating cycle and 

soaking temperatures. On-heating thermal cycles involve heating the test specimen to the 

deformation temperature and compressing, whereas on-cooling thermal cycles involve heating the 

specimen to high soaking temperature followed by cooling to a deformation temperature (Kumar, 

2015). On-heating hot compression testing is easier to perform, and on-cooling hot compression 

requires good control over cooling rate, which is possible with a Gleeble 3500® system (Kumar, 

2015). Both produce entirely different flow behaviours (Jha & Kumar, 2010). Selection of soaking 

temperature depends upon the alloying elements present and their solubility temperature. Higher 

soaking temperatures may result in higher flow stress values (Kumar, 2015). 

Different types of specimens are used for different studies. A cylindrical specimen (10 mm 

diameter x 15 mm height) is used for uniaxial compression and rectangular specimens (10 x 15 x 

20 mm) are used for plane strain compression (Kumar, 2015). However, Roebuck et al. (2006) and 
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Li et al. (2010) recommended specimens of 8 mm diameter x 12 mm height. The minimum 

thickness of the deformed specimen in plane strain compression cannot be less than 3 mm. In other 

words, 12 mm height specimen can be deformed to 75% only, whereas a 15 mm height specimen 

can be deformed to 80% (Kumar, 2015). In uniaxial compression, a 15 mm height sample can be 

deformed to 72% for a 10 mm standard diameter, and up to 80% if the diameter is reduced to 8.5 

mm (Kumar, 2015). 

Metal alloys exhibit different plastic deformation at different temperatures and strain rates 

(Pearson, 1934, Tiley, 2002). The hot working performance of Ti-6Al-4V alloy is sensitive to the 

process parameters and initial microstructure (Shell & Semiatin, 1999; Shaikh et al., 2015). The 

alloy is usually forged at 30-50°C below its β transus temperature so that a fine equiaxed grain 

structure and good mechanical properties are obtained (Wang et al., 2010; Arulselvan & Ganesan, 

2014). To identify favourable hot working conditions of the Ti-6Al-4V alloy, Shaikh et al. (2015) 

studied the deformation behaviour in the 700-1000°C range and strain rate range of 0.1-100 s-1 

using a Gleeble 3500®. The favourable conditions were found to be 0.1-1 s-1 for 950°C and 1000°C, 

and above 10 s-1 for 750°C and 850°C. The flow stress increased with increased strain rate, and 

decreased with increased deformation temperature (Shaikh et al., 2015).  

True stress-true strain curves and processing maps are widely used to characterise the deformation 

behaviour of Ti alloys, to control their microstructures and optimise manufacturing processes 

(Wang et al., 2010). The stress-strain curves give the flow hardening, flow softening and steady 

state flow behaviour of the alloys (Shaikh et al., 2015). Figure 2.20 shows the tensile stress-strain 

curves for Ti-6Al-4V by Vanderhasten (2008). Higher flow stresses were observed at higher strain 

rates and lower temperatures (Figure 2.20). The results indicated grain boundary sliding and good 

ductility for slow deforming (5x10-4 s-1) at 800°C (Vanderhasten, 2008). 
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Figure 2.20: Tensile stress-strain curves of Ti-6Al-4V at 5x10-2-5x10-4 s-1 and 750-950°C from a Gleeble 

3800® (Vanderhasten, 2008). 

 

Hot tensile studies of Ti-6Al-4V, at 600-950°C and 10-1 s-1, 10-2 and 10-3 s-1 strain rate, by Dos 

Santos (2017) also showed a higher flow stress for a higher strain rate (10-1 s-1). However, Figure 

2.21 shows that the elongation increased with increased deformation temperature at lower strain 

rates (10-3 s-1). Therefore, a slow strain rate at higher temperature improves the ductility of the 

material (Vanderhasten, 2008; Shaikh et al., 2015; Dos Santos, 2017). 

 

 

Figure 2.21: Tensile stress-strain curves of Ti-6Al-4V at 600-950°C and 10-1-10-3 s-1 strain rate from a 

Gleeble 3800® (Dos Santos, 2017). 
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Figure 2.22 shows the starting microstructure of Ti-6Al-4V (Dos Santos, 2017). Microstructures 

with lamellae were observed after deformation at 700°C and 850°C (Figure 2.23) and 950°C 

(Figure 2.24) for 10-3 s-1 strain rate. Figure 2.24 shows the α and β phases (Dos Santos, 2017). 

 

 

Figure 2.22: Starting microstructure of Ti-6Al-4V (dark phase is α and light is β) (Dos Santos, 2017). 

 

 

Figure 2.23: Microstructures of deformed Ti-6Al-4V at 700°C and 850°C for 10-3 s-1 strain rate (dark phase 

is α and light is β) (Dos Santos, 2017). 
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Figure 2.24: Microstructures of deformed Ti-6Al-4V at 950°C for 10-3 s-1 strain rate (Dos Santos, 2017). 

 

Bodunrin et al. (2017) investigated hot deformation behaviour of Ti-6Al-xV-yFe (x = 1, 2, 3 and 4 

wt%, y = 0, 1, 2 and 3 wt%). The goal was to substitute V with Fe to reduce the cost of the alloys. 

They optimised the microstructure and mechanical properties of the alloys by heat treatments. This 

was done to reduce the possibility of forming Ti-Fe intermetallic phases, to maintain the α+β 

phases at lower temperatures. The Ti-Fe intermetallic phases have a deleterious effect on the 

ductility and toughness of the α+β Ti alloys (Fujii & Maeda, 2014; Bodunrin et al., 2017) because 

they are brittle. Small ingots were machined to produce plane strain compression samples (8 x 15 

x 20 mm) for hot isothermal compression testing on a Gleeble 3500® simulator, at 900°C. Partial 

substitution of V with Fe (y = 1 and 2 wt%) decreased the flow stress and deformation resistance 

of the Ti-6Al-3V-1Fe and Ti-6Al-2V-2Fe alloys (Figure 2.25). The Ti-6Al-1V-3Fe alloy had a 

small increase in deformation resistance, indicating a balance between reduced cost and improved 

mechanical properties of the Ti alloys (Bodunrin et al., 2017). 
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Figure 2.25: Compressive engineering stress-strain curves of as-cast Ti-6Al-xV-yFe at a strain of (a) 0.6 

and (b) 1.2, from a Gleeble 3500® (Bodunrin et al., 2017). 

 

2.11. Summary of the literature review and rationale of the research project 

Commercially pure titanium (CP-Ti) and the Ti-6Al-4V (wt%) have been widely used in 

aerospace, power generation and biomedical applications due to their high mechanical strength, 

excellent corrosion resistance and good biocompatibility (Steinemann, 1998; Leyens & Peters, 

2003). However, CP-titanium does not have sufficient strength for load bearing implant 

applications, whereas Ti-6Al-4V has raised concerns due to the toxic aluminium and vanadium 

(Eisenbarth et al., 2004; Akahori et al., 2005). Zirconium, tantalum, niobium and molybdenum 

have been proposed as the potential non-toxic, biocompatible, alloying elements to replace Al and 

V (Eisenbarth et al., 2004), because they are not released into the environment and they can 

minimise adverse tissue reactions (Kovacs & Davidson, 1993; Meng et al., 2014). 

There have been attempts to develop new biomedical alloys with microstructures and mechanical 

properties similar to the α+β Ti-6Al-4V alloy (Long & Rack, 1998; Niinomi, 2003a), and to add 

copper for its good antibacterial properties (Ren et al., 2014; Fowler et al., 2019a). 

By studying and understanding the relationship between the chemical compositions, thermo-

mechanical treatment and microstructures, it should be possible to optimise the mechanical and 

antibacterial properties of Ti-Cu alloys for biomedical applications (Liu et al., 2014a). Based on 
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the literature, sufficient Cu can be added to give the Ti2Cu phase and good antibacterial resistance 

without degrading the mechanical properties of Ti alloys. Therefore, new Ti alloys were 

investigated, to achieve similar α+β phase proportions to Ti-6Al-4V, and Ti-10.1Ta-1.7Nb-1.6Zr 

(Stenlund et al., 2015) (an analogue for Ti-6Al-4V), and also have the Ti2Cu phase by adding Cu 

(Zhang et al., 2016a; Fowler et al., 2019a). The microstructures and microhardness of selected Ti 

compositions were studied, and the deformation behaviour of Ti-6Al-4V and Ti-10.1Ta-1.7Nb-

1.6Zr was investigated.  
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Chapter 3: Experimental Procedure  

This chapter provides information on the starting materials, consumables, facilities and 

experimental methods used in this study. A detailed description is given on the Thermo-Calc 

calculations, cost analysis, production of the experimental alloys, characterisation techniques, 

hardness testing and hot compression testing. Figure 3.1 shows the flow diagram of the 

experimental procedure, of the new alloys and the Gleeble studies of the commercial and reported 

alloys. 

 

 

 

Figure 3.1: Flow diagram showing the experimental procedure for the project. 

 

3.1. Thermo-Calc calculations  

Thermo-Calc is a software used to perform thermodynamic and phase diagram calculations for 

multi-component systems (Andersson, 2002), and available at www.thermocalc.com, and is a 

quick way to easily calculate the phases and their proportions for different alloy compositions. The 

Thermo-Calc program with the TTTI3 (TT Ti-alloy) database was used to calculate new Ti 

compositions, without toxic Al and V as alloying elements. The elemental compositions were 

calculated in weight percent (wt%), at 400-2000°C temperature range, and under one atmospheric 

pressure (1 atm), with the TTTI3. Database. The Ti-6Al-4V (wt%) alloy and the Ti-10.1Ta-1.7Nb-

1.6Zr (wt%) alloy developed by Stenlund et al. (2015) were used as the basis to determine the Ti 

compositions. The calculations were done to find alloys which mimiced the α+β phase proportions 

http://www.thermocalc.com/
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found in Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr at lower temperatures, and to have some copper. 

Copper compostions (1, 3, 5 and 10 wt%) were varied for the calculated Ti compositions. Table 

3.1 was used as a guide for α-β stabilising and alloying of titanium, and Table 3.2 gives the 

calculated Ti compositions. 

Table 3.1: The α-β stabilisers and alloying elements for titanium (Leyens & Peters, 2003). 

α-stabilisers Neutral β-isomorphous stabilisers β-eutectoid stabilisers 

Al, O, N, C, Ga Sn, Zr V, Mo, Ta, Nb Fe, Mn, Co, Ni, Cu, Si, H, W, Cr 

 

Table 3.2: Compositions calculated with Thermo-Calc. 

Compositions calculated with Thermo-Calc  

Ti-6Nb-4Zr Ti-6Nb-2Zr-1.7Ta Ti-6Ta-2Zr-1.5Mo Ti-10Ta-8Zr Ti-8Ta-1.5Mo-1.5Zr 

Ti-8Nb-4Zr Ti-4Ta-1.8Zr-1.5Mo Ti-8Zr-4Ta-2Mo Ti-6Zr-4Nb Ti-10.1Ta-1.7Nb-1.6Zr 

Ti-6Zr-2Mo Ti-3.5Ta-3Nb-3Zr Ti-6Zr-4Ta-4Nb Ti-4.5Nb-4Ta-1.5Zr Ti-6Al-4V 

 

3.2. Cost analysis 

A cost analysis was done to identify the potential Ti alloys with reduced cost. Table 3.3 gives the 

costs for the powders for titanium and alloying elements proposed for this project, as at 8 October 

2019. This was just for the material costs and not for any processing costs, which were assumed 

to be the same and so not considered. 

 

Table 3.3: Costs for the powders for Ti and alloying elements (https://www.sigmaaldrich.com) (8/10/2019). 

Element  Price (R)/50 g 

Mo 626.00 

Ti 1 463.00 

Nb 1 832.00 

Zr 2 629.00 

Ta 4 178.00 

V 8 035.00 

Al 10 516.00 

Cu 14 353.00 

 

https://www.sigmaaldrich.com/
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Titanium sample alloys of 20-30 g (total mass) are usually produced to study the mechanical 

properties (Aoki et al., 2004; Toss, 2009). Based on Table 3.3 and using Equation 3.1, titanium 

alloys of 10 g with reduced cost were calculated. 

                            mi = yi x M       ………………………   Equation 3.1. 

where: 

i = element  

m = mass of element i in the alloy (g) 

y = mass % of element i   

M = total mass of the alloy i.e. 10 g. 

 

3.3. Materials and Methods 

3.3.1. Production and Preparation of samples 

Powders of pure titanium (99.999% Ti), niobium (99.999% Nb), zirconium (99.999% Zr) and 

copper (99.999% Cu) were used to produce new Ti alloys (Table 3.4) from the Thermo-Calc 

results. For each sample, the powders were weighed on an electronic balance in the proportions 

given in Table 3.4, to give a total mass of 10 g. The powders were then mixed and cold compacted 

in a 20 mm diameter die at 220 kPa, using a hydraulic press. The samples were melted and water-

cooled in a copper-hearth button arc furnace to produce as-cast buttons. The samples were turned-

over and re-melted four times, to attempt homogenisation. Before melting the samples, the furnace 

chamber was flushed three times with pure argon (99.999% Ar) at 6 x 10-3
 bar to create a vacuum 

environment. A pure titanium sample was used as an oxygen-getter and melted for 5 minutes prior 

to melting, to reduce oxygen contamination. Titanium has high affinity to oxygen, and would form 

TiO2 (Leyens & Peters, 2003) and contaminate the samples. Table 3.4 gives the samples produced 

(Samples 1-4) and as-received (Ti-6Al-4V and TTNZ) sample compositions for this study. 
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Table 3.4: Compositions of the samples studied.  

Sample 

    # 

Alloy Composition (wt%) 

Ti Al Nb Ta V Zr Cu 

1 Ti-6Nb-4Zr 90 --- 6 --- --- 4 0 

2 Ti-6Nb-4Zr-5Cu 85 --- 6 --- --- 4 5 

3 Ti-8Nb-4Zr 88 --- 8 --- --- 4 0 

4 Ti-8Nb-4Zr-5Cu 83 --- 8 --- --- 4 5 

5 As-received TTNZ 86.6 --- 1.7 10.1 --- 1.6 0 

6 As-received Ti-6Al-4V 90 6 --- --- 4 --- 0 

 

The samples were cut in half using a Struers Secotom-10 cutting machine with a diamond MOD13 

blade. This was done at 3500 rpm speed and 0.015 mm/s feed rate. Water was used as the coolant 

throughout, to prevent the samples from heating up during cutting. A half of each sample was 

embedded in Polyfast resin (ATM, GMBH, Germany), and mounted in a (citoPress-10) ATM-Opal 

410 hot mounting press for metallographic preparation. This was done at 200°C and a pressure of 

6 bar for 6 minutes, with water as the coolant.  

The metallographic preparation included grinding, polishing and etching for microstructural 

studies and micro-hardness testing. The preparation steps developed by Vander Voort (2006) and 

Struers (2016), and Kroll's etchant (2 ml HF : 6 ml HNO3 : 92 ml distilled water, for 20 seconds 

using cotton swabbing) were employed (Table 3.5). Grinding was done manually on an Imptech 

grinding machine using an abrasive silicon carbide (SiC) paper of different grit sizes, while 

polishing was done on a Struers Tegramin-20® automatic polishing machine using MD-Chem 

polishing cloths (Table 3.5). After etching, the samples were cleaned with ethanol in an ultrasonic 

bath and dried with compressed air. Etching was done to enhance the microstructural features for 

SEM analysis, to aid focussing.  
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Table 3.5: Metallographic preparation of the Ti alloys studied. 

 
Parameters 

Steps 

1 2 3 4 Polishing 

Abrasive (Silicon 

carbide- P grit) 

P800 P1000 P1200 P2400 MD Chem cloth 

Coolant Water Water Water Water Non-crystallising colloidal 

silica suspension + 30% 

hydrogen peroxide 

Platen 

speed/direction 

320 rpm 320 rpm 320 rpm 320 rpm 150 rpm/contra 

Force Hand Hand Hand Hand ~15 N 

Time 2 min 1 min 1 min 1 min 20 min 

 

The standard safety precautions described by Koontz (2013) and the safety data sheet for HF and 

HNO3 were considered when working with the chemicals. Personal protective equipment (PPE) 

such as goggles, gloves, closed shoes, long trousers and lab-coats were used. 

 

3.3.2. Microstructural Studies 

The microstructures were studied to obtain the information about the surface topography, the 

present phases and the composition of the alloys. The Light Optical Microscopy (LOM) and 

Scanning Electron Microscopy (SEM) were used to study the microstructural features (phases and 

precipitates), and possible defects/cracks on the surface. The Energy Dispersive X-ray 

Spectroscopy (EDX) was used for composition analysis of the alloys as well as their phases. Since 

the surface condition of the sample affects the light during reflection or transmission (Struers, 

2016), careful sample preparation was done to achieve the required surface quality and contrast. 

The SEM was good for large area analysis, and was limited for small localised regions, thus 

difficult to analyse smaller precipitates below ~2m, so care was taken to only analyse features 

larger than these. 

The microstructures were studied using cross-polarized and a Leica DM 6000®-Light Optical 

Microscope (LOM), as well as Zeiss Sigma Field Emission-Scanning Electron Microscope (FEG-

SEM) with both Energy Dispersive X-ray Spectroscope (EDX) system and a back-scattered detector 
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(BSD). The FEG-SEM was operated in back-scattered electron imaging (BSE) mode at 20 kV to 

distinguish the phases present. The EDX spot and area analyses were performed at 25 kV and 5.4 

± 1.4 mm working distance to verify homogeneity, and to determine the compositional variations 

in the alloys.  

 

3.3.3. X-ray diffraction analysis 

The identification of phases was done using X-ray diffraction (XRD), with limitations to samples 

with flat and smooth surfaces. Therefore, care was taken to have well-polished samples with a flat 

upper surface during sample preparation (Struers, 2016). The XRD is a technique for analysing 

the atomic or molecular structure of materials (Struers, 2016), which was useful for identifying the 

phases observed in the microstructures by LOM and SEM.  

The XRD patterns were obtained using a Bruker D2 Phaser® diffractometer, with a cobalt Kα 

radiation source (Kα = 1.79026 Å), and analysed using PANalytical X’pert Highscore software 

(v3.0e). The measurements were taken within the range of 2θ = 10-120°. The machine was 

operated at 30 kV and 10 mA, at a temperature of 25°C.  

 

3.3.4. Vickers micro-hardness testing 

The Vickers micro-hardness testing was done to study the hardness of the alloys. Hardness is the 

resistance to scratching, cutting or abrasion. Therefore, hardness enables a quick evaluation of a 

material's strength, ductility and wear resistance and so helps to determine whether a material is 

suitable for the required purpose (Struers, 2016). Hardness testing is especially useful when 

comparing samples made in a similar way, and so can be used as a quick and initial test to choose 

between samples when checking mechanical properties. Although micro-hardness is more limited 

than conventional hardness (because a smaller area is tested), it can still be used in comparison. 

However, it is very important to undertake several measurements and take an average to ensure 

that the results are statistically representative, and this is even more important for micro-hardness 

measurements because the indentations are much smaller. For accurate results, factors such as 

surface preparation, surface vibrations, loading, indenter orientation and calibration were taken 
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into consideration. Micro-hardness testing required a clean and polished surface for a good 

interpretation of the indentation. Etching and rough surfaces would make it difficult to evaluate 

the corners of an indentation, and scratches may cause a misreading of the indentation size (Struers, 

2016).  

A FutureTech FM700® micro-hardness tester fitted with a diamond indenter was used to measure 

the Vickers hardness of the samples. A load of 300 g and a 15 seconds dwelling time was employed 

according to ASTM standard E92-17(ASTM E 92-17, 2017). Five measurements were taken at 

different positions on each sample, and the average HV0.3 and standard deviation were calculated. 

 

3.3.5. Hot compression testing 

Hot compression testing was done to evaluate the hot deformation behaviour of the as-received 

Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloys, using stress-strain curves obtained. This 

was done to understand the differences between the commercial (Ti6Al-4V) and the reported (TTNZ) 

alloys since for complicated dental parts, the alloys might be forged (if 3D printing was not available). 

The flow stresses were observed at different strain rates and temperatures. This also helped to 

evaluate the formability and ductility of the alloys. The recommended size and dimensions of the 

samples were considered for this study.  

The as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloys, the latter by Stenlund et 

al. (2015), were subjected to isothermal compression testing using a Gleeble 3500® Thermo-

mechanical Simulation Facility. Cylindrical samples of 8 mm diameter x 12 mm height (Figure 

3.1a) were machined using electrical discharged machining. The dimensions were chosen 

according to recommendations by Roebuck et al. (2006) and Li et al. (2010). A chromel-alumel 

thermocouple was welded at the centre of the test samples using a spot welder, prior to 

compression testing, to measure the temperature. The samples were then placed on the 

Hydrawedge autoloader. Graphite foil and nickel paste were placed between the Iso-T tungsten 

carbide anvils and the sample to reduce the effect of friction during deformation. The samples were 

heated at 5°C/s to the deformation temperature, and held for 360 s for homogenisation (Figure 

3.1b). The samples were deformed at the specified parameters in Table 3.6, followed by 

compressed air cooling. The test parameters (Table 3.6) were used in the Quicksim software using 
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the (.hds) program. The program was then converted to Gleeble Script Language (.gsl) before 

running each experiment. 

 

 

     

Figure 3.2: Hot compression testing: (a) test sample and (b) testing in the Gleeble 3500® (Bodunrin, 

2018).  

 

Table 3.6: Hot compression testing parameters. 

Deformation parameters Temperature (°C) 

Strain Strain rate (s-1) 

0.6 0.1 850 950 

0.6 10 850 950 

 

  

(a) (b) 
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Chapter 4: Thermo-Calc Results 

This chapter summaries the results from the Thermo-Calc calculations, and the costs for the 

calculated Ti compositions. The compositions were calculated in weight percent (wt%) at 400-

2000°C, using the TTTI3 (TT Ti-alloy) database. Table 4.1 shows the phases in the TTTI3 

database.  

Table 4.1: Phases in the TTTI3 database. 

Phases Liquid, BCC_A2, HCP_A3, Ti2Cu, Ti3Al, BETA_TIMN, ALPHA_TIMN, C15_FCC, 

LAVES, Ti5SI3, TIH2, TIM_B2, FCC_A1, Ti2NI 

 

 

4.1. Ti-6Al-4V-xCu compositions  

The phase proportion diagrams for Ti-6Al-4V-xCu (x = 0, 1, 3, 5 and 10 wt%) are shown in Figures 

4.1 - 4.5, and Table 4.2 gives the phase information. At 1698°C, the liquid phase solidified to 

BCC_A2 (Figure 4.1). The 0.97 fraction of the BCC_A2 phase transformed into HCP_A3 at 485-

942°C (Figure 4.1). Thermo-Calc predicted the Ti3Al phase at 485-654°C, resulting in a reduced 

HCP_A3 amount at 400°C (Figures 4.1 - 4.5). The Ti2Cu phase formed at 624°C for 1 wt% Cu 

(Figure 4.2), and at 788°C for 10 wt% Cu added (Figure 4.5). The formation temperature and 

amount of Ti2Cu increased with increased Cu compositions. The BCC_A2 amount remained the 

same at 400°C, whereas HCP_A3 was continually reduced by Cu additions (Figures 4.2 - 4.5). 
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Figure 4.1: Phase proportion diagram for Ti-6Al-4V (wt%).     Figure 4.2: Phase proportion diagram for Ti-6Al-4V-1Cu (wt%).   Figure 4.3: Phase proportion diagram for Ti-6Al-4V-3Cu (wt%). 

 

 

                                                                             

                                                       Figure 4.4: Phase proportion diagram for Ti-6Al-4V-5Cu (wt%).          Figure 4.5: Phase proportion diagram for Ti-6Al-4V-10Cu (wt%).  
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Table 4.2: Phase information for the Ti-6Al-4V-xCu compositions. 

Composition 

(wt%) 

Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu Ti3Al 

Ti-6Al-4V 

1703 1 0 --- --- --- 

1698 0 1 --- --- --- 

942 --- 1 0 --- --- 

485 --- 0.03 0.97 --- 0 

400 --- 0.03 0.88 --- 0.09 

Ti-6Al-4V-1Cu 

1693 1 0 --- --- --- 

1670 0 1 --- --- --- 

925 --- 1 0 --- --- 

624 --- 0.05 0.95 0 --- 

494 --- 0.04 0.94 0.02 0 

400 --- 0.03 0.84 0.02 0.1 

Ti-6Al-4V-3Cu 

1673 1 0 --- --- --- 

1610 0 1 --- --- --- 

894 --- 1 0 --- --- 

730 --- 0.24 0.76 0 --- 

531 --- 0.04 0.9 0.06 0 

400 --- 0.03 0.75 0.07 0.15 

Ti-6Al-4V-5Cu 

1652 1 0 --- --- --- 

1548 0 1 --- --- --- 

863 --- 1 0 --- --- 

760 --- 0.47 0.53 0 --- 

567 --- 0.04 0.85 0.11 0 

400 --- 0.03 0.66 0.12 0.19 

Ti-6Al-4V-10Cu 

1600 1 0 --- --- --- 

1386 0 1 --- --- --- 

790 --- 1 0 --- --- 

788 --- 0.99 0.01 0 --- 

654 --- 0.08 0.7 0.22 0 

400 --- 0.03 0.44 0.25 0.28 

     

4.2. Ti-10.1Ta-1.7Nb-1.6Zr-xCu compositions 

Figures 4.6 - 4.10 show the phase proportion diagrams for Ti-10.1Ta-1.7Nb-1.6Zr-xCu (x = 0, 1, 

3, 5 and 10 wt%). The liquid phase solidified to BCC_A2 at 1688°C (Figure 4.6). At 400-816°C, 

the 0.92 proportion of the BCC_A2 phase transformed into HCP_A3 (Figure 4.6 and Table 4.3). 

Additions of Cu resulted in the Ti2Cu phase forming at 640-880°C, as shown in Figures 4.7 - 4.10. 

Increasing the Cu composition led to increased Ti2Cu amounts and higher formation temperatures. 

The HCP_A3 proportion at 400°C was reduced by the 1-10 wt% Cu additions, compared to the 
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BCC_A2 proportions which were less affected (Figures 4.6 - 4.10). The phase information for Ti-

10.1Ta-1.7Nb-1.6Zr-xCu (x = 0, 1, 3, 5 and 10 wt%) is given in Table 4.3. 

 

Table 4.3: Phase information for Ti-10.1Ta-1.7Nb-1.6Zr-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-10.1Ta-1.7Nb-1.6Zr 

1704 1 0 --- --- 

1688 0 1 --- --- 

816 --- 1 0 --- 

590 --- 0.04 0.96 --- 

400 --- 0.08 0.92 --- 

Ti-10.1Ta-1.7Nb-1.6Zr-1Cu 

1693 1 0 --- --- 

1654 0 1 --- --- 

801 --- 1 0 --- 

640 --- 0.1 0.9 0 

400 --- 0.08 0.9 0.02 

Ti-10.1Ta-1.7Nb-1.6Zr-3Cu 

1670 1 0 --- --- 

1580 0 1 --- --- 

773 --- 1 0 --- 

721 --- 0.53 0.47 0 

400 --- 0.08 0.84 0.08 

Ti-10.1Ta-1.7Nb-1.6Zr-5Cu 

1647 1 0 --- --- 

1450 0 1 --- --- 

745 --- 1 0 --- 

741 --- 0.96 0.04 0 

400 --- 0.08 0.79 0.13 

Ti-10.1Ta-1.7Nb-1.6Zr-10Cu 

1588 1 0 --- --- 

1275 0 1 --- --- 

880 --- 1 --- 0 

736 --- 0.85 0 0.15 

400 --- 0.09 0.66 0.25 
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Figure 4.6: Phase proportion diagram for Ti-10.1Ta-1.7Nb-1.6Zr.  Figure 4.7: Phase proportion diagram for Ti-10.1Ta-1.7Nb-1.6Zr-1Cu. Figure 4.8: Phase proportion diagram for Ti-10.1Ta-

1.7Nb-1.6Zr-3Cu. 

 

                                                                       

.                                              Figure 4.9: Phase proportion diagram for Ti-10.1Ta-1.7Nb-1.6Zr-5Cu.         Figure 4.10: Phase proportion diagram for Ti-10.1Ta-1.7Nb-1.6Zr-10Cu.
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4.3. Ti-6Nb-4Zr-xCu compositions 

Figures 4.11 - 4.15 show the phase proportion diagrams for Ti-6Nb-4Zr-xCu (x = 0, 1, 3, 5 and 10 

wt%), and Table 4.4 gives the phase information. The liquid phase solidified to BCC_A2 phase at 

1661°C (Figure 4.11). At 400-809°C, the 0.95 fraction of BCC_A2 transformed to the HCP_A3 

phase, resulting in two phases at 400°C, shown in Figure 4.11. Figures 4.12 - 4.15 show that 

additions of Cu led to the formation of the Ti2Cu phase at 663-901°C. The Ti2Cu proportions and 

formation temperatures increased with increased Cu. Additions of 1-10 wt% Cu led to reduced 

HCP_A3 proportions at 400°C, whereas BCC_A2 remained the same (Figures 4.12 - 4.15). 

 

Table 4.4: Phase information for Ti-6Nb-4Zr-xCu compositions. 

Composition 

(wt%) 

Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-6Nb-4Zr 

1665 1 0 --- --- 

1661 0 1 --- --- 

809 --- 1 0 --- 

518 --- 0.04 0.96 --- 

400 --- 0.05 0.95 --- 

Ti-6Nb-4Zr-1Cu 

1654 1 0 --- --- 

1626 0 1 --- --- 

795 --- 1 0 --- 

663 --- 0.15 0.85 0 

400 --- 0.05 0.92 0.03 

Ti-6Nb-4Zr-3Cu 

1632 1 0 --- --- 

1551 0 1 --- --- 

767 --- 1 0 --- 

727 --- 0.62 0.38 0 

400 --- 0.05 0.87 0.08 

Ti-6Nb-4Zr-5Cu 

1609 1 0 --- --- 

1467 0 1 --- --- 

756 --- 1 --- 0 

743 --- 0.99 0 0.01 

400 --- 0.05 0.82 0.13 

Ti-6Nb-4Zr-10Cu 

1552 1 0 --- --- 

1223 0 1 --- --- 

901 --- 1 --- 0 

738 --- 0.84 0 0.16 

400 --- 0.05 0.69 0.26 
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Figure 4.11: Phase proportion diagram for Ti-6Nb-4Zr.               Figure 4.12: Phase proportion diagram for Ti-6Nb-4Zr-1Cu.       Figure 4.13: Phase proportion diagram for Ti-6Nb-4Zr-3Cu. 

 

                                                                

                                                    Figure 4.14: Phase proportion diagram for Ti-6Nb-4Zr-5Cu.         Figure 4.15: Phase proportion diagram for Ti-6Nb-4Zr-10Cu.



61 
 

4.4. Ti-8Nb-4Zr-xCu compositions 

The phase proportion diagrams for Ti-8Nb-4Zr-xCu (x = 0, 1, 3, 5 and 10 wt%) are shown in 

Figures 4.16 - 4.20, and the phase information is given in Table 4.5. The liquid phase solidified to 

BCC_A2 at 1664°C, and 0.93 proportion of BCC_A2 transformed to a HCP_A3 phase at 400-

793°C (Figure 4.16). Additions of Cu led to formation of the Ti2Cu phase at 669-899°C, as shown 

in Figures 4.17- 4.20.  The formation temeperatures and proportions of Ti2Cu increased with 

increased Cu. Adding 10 wt% Cu resulted in 0.68 fraction of HCP_A3 at 400°C (Table 4.5), 

compared to the initial 0.93 fraction, whereas BCC_A2 remained the same (Figures 4.17 - 4.20). 

 

Table 4.5: Phase information for Ti-8Nb-4Zr-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-8Nb-4Zr 

1669 1 0 --- --- 

1664 0 1 --- --- 

793 --- 1 0 --- 

502 --- 0.06 0.94 --- 

400 --- 0.07 0.93 --- 

Ti-8Nb-4Zr-1Cu 

1658 1 0 --- --- 

1631 0 1 --- --- 

791 --- 1 0 --- 

659 --- 0.18 0.82 0 

400 --- 0.06 0.92 0.02 

Ti-8Nb-4Zr-3Cu 

1636 1 0 --- --- 

1558 0 1 --- --- 

763 --- 1 0 --- 

723 --- 0.63 0.37 0 

400 --- 0.06 0.86 0.08 

Ti-8Nb-4Zr-5Cu 

1613 1 0 --- --- 

1468 0 1 --- --- 

762 --- 1 --- 0 

731 --- 0.98 0 0.02 

400 --- 0.06 0.81 0.13 

Ti-8Nb-4Zr-10Cu 

1558 1 0 --- --- 

1244 0 1 --- --- 

899 --- 1 --- 0 

733 --- 0.84 0 0.16 

400 --- 0.06 0.68 0.26 
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Figure 4.16: Phase proportion diagram for Ti-8Nb-4Zr.                Figure 4.17: Phase proportion diagram for Ti-8Nb-4Zr-1Cu.        Figure 4.18: Phase proportion diagram for Ti-8Nb-4Zr-3Cu. 

 

                                                                      

                                                      Figure 4.19: Phase proportion diagram for Ti-8Nb-4Zr-5Cu.           Figure 4.20: Phase proportion diagram for Ti-8Nb-4Zr-10Cu.
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4.5. Ti-6Nb-2Zr-1.7Ta-xCu compositions 

The BCC_A2 to HCP_A3 transformation temperatures for Ti-6Nb-2Zr-1.7Ta-xCu (Table 4.6)  

were very similar to Ti-6Nb-4Zr-xCu (Table 4.4). Ti-6Nb-2Zr-1.7Ta-xCu (Table 4.6) and Ti-8Nb-

4Zr-xCu (Table 4.5) had same BCC_A2, HCP_A3 and Ti2Cu at 400°C. The phase proportion 

diagrams for Ti-6Nb-2Zr-1.7Ta-xCu (x = 0, 1, 3, 5 and 10 wt%) are shown in Figures 4.21 - 4.25, 

and Table 4.6 gives the phase information. At 400°C, the Ti-6Nb-2Zr-1.7Ta-xCu (Table 4.6) had 

higher BCC_A2 and HCP_A3 fractions than Ti-6Al-4V-xCu (Table 4.2). 

 

Table 4.6: Phase information for the Ti-6Nb-2Zr-1.7Ta-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-6Nb-2Zr-1.7Ta 

1676 1 0 --- --- 

1671 0 1 --- --- 

812 --- 1 0 --- 

530 --- 0.05 0.95 --- 

400 --- 0.06 0.94 --- 

Ti-6Nb-2Zr-1.7Ta-1Cu 

1665 1 0 --- --- 

1638 0 1 --- --- 

797 --- 1 0 --- 

656 --- 0.15 0.85 0 

400 --- 0.06 0.92 0.02 

Ti-6Nb-2Zr-1.7Ta-3Cu 

1643 1 0 --- --- 

1566 0 1 --- --- 

769 --- 1 0 --- 

724 --- 0.59 0.41 0 

400 --- 0.06 0.86 0.08 

Ti-6Nb-2Zr-1.7Ta-5Cu 

1621 1 0 --- --- 

1488 0 1 --- --- 

747 --- 1 --- 0 

742 --- 0.99 0 0.01 

400 --- 0.06 0.81 0.13 

Ti-6Nb-2Zr-1.7Ta-10Cu 

1565 1 0 --- --- 

1266 0 1 --- --- 

891 --- 1 --- 0 

736 --- 0.85 0 0.15 

400 --- 0.07 0.68 0.25 
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Figure 4.21: Phase proportion diagram for Ti-6Nb-2Zr-1.7Ta.   Figure 4.22: Phase proportion diagram for Ti-6Nb-2Zr-1.7Ta-1Cu.  Figure 4.23: Phase proportion diagram for Ti-6Nb-2Zr-1.7Ta-

3Cu. 

 

                                                                       

                                                     Figure 4.24: Phase proportion diagram for Ti-6Nb-2Zr-1.7Ta-5Cu.       Figure 4.25: Phase proportion diagram for Ti-6Nb-2Zr-1.7Ta-10Cu.
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4.6. Ti-6Zr-4Ta-4Nb-xCu compositions 

Figure 4.26 shows the solidification of liquid phase to BCC_A2 phase at 1663°C, which was 

similar to Ti-8Nb-4Zr (Figure 4.16). Table 4.7 gave similar BCC_A2, HCP_A3 and Ti2Cu 

proportions, compared with Ti-8Nb-4Zr-xCu (Table 4.5) at 400°C. Table 4.7 gives the phase 

information for Ti-6Zr-4Ta-4Nb-xCu (x = 0, 1, 3, 5 and 10 wt%), and Figures 4.26 - 4.30 show the 

phase proportion diagrams. 

 

Table 4.7: Phase information for Ti-6Zr-4Ta-4Nb-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-6Zr-4Ta-4Nb 

1673 1 0 --- --- 

1663 0 1 --- --- 

801 --- 1 0 --- 

530 --- 0.04 0.96 --- 

400 --- 0.06 0.94 --- 

Ti-6Zr-4Ta-4Nb-1Cu 

1662 1 0 --- --- 

1624 0 1 --- --- 

786 --- 1 0 --- 

660 --- 0.17 0.83 0 

400 --- 0.06 0.92 0.02 

Ti-6Zr-4Ta-4Nb-3Cu 

1639 1 0 --- --- 

1542 0 1 --- --- 

758 --- 1 0 --- 

723 --- 0.66 0.34 0 

400 --- 0.06 0.86 0.08 

Ti-6Zr-4Ta-4Nb-5Cu 

1616 1 0 --- --- 

1450 0 1 --- --- 

760 --- 1 --- 0 

738 --- 0.98 0 0.02 

400 --- 0.06 0.81 0.13 

Ti-6Zr-4Ta-4Nb-10Cu 

1556 1 0 --- --- 

1178 0 1 --- --- 

908 --- 1 --- 0 

732 --- 0.83 0 0.17 

400 --- 0.06 0.67 0.27 
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Figure 4.26: Phase proportion diagram for Ti-6Zr-4Ta-4Nb.    Figure 4.27: Phase proportion diagram for Ti-6Zr-4Ta-4Nb-1Cu.  Figure 4.28: Phase proportion diagram for Ti-6Zr-4Ta-4Nb-3Cu. 

 

                                                                             

                                                           Figure 4.29: Phase proportion diagram for Ti-6Zr-4Ta-4Nb-5Cu.         Figure 4.30: Phase proportion diagram for Ti-6Zr-4Ta-4Nb-10Cu.
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 4.7. Ti-4Ta-1.8Zr-1.5Mo-xCu compositions 

The Ti-4Ta-1.8Zr-1.5Mo-xCu (x = 0, 1, 3, 5 and 10 wt%) phase proportion diagrams are shown in 

Figures 4.31 - 4.35, and Table 4.8 gives the phase information. The Ti-4Ta-1.8Zr-1.5Mo-xCu had 

a lower BCC_A2 proportion at 400°C compared to Ti-10.1Ta-1.7Nb-1.6Zr-xCu (Table 4.3) and 

Ti-8Nb-4Zr-xCu (Table 4.5). However, the Ti2Cu fractions were similar at 400°C for The Ti-4Ta-

1.8Zr-1.5Mo-xCu (Table 4.8), Ti-10.1Ta-1.7Nb-1.6Zr-xCu (Table 4.3) and Ti-8Nb-4Zr-xCu 

(Table 4.5). 

 

Table 4.8: Phase information for Ti-4Ta-1.8Zr-1.5Mo-xCu compositions 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-4Ta-1.8Zr-1.5Mo 

1683 1 0 --- --- 

1675 0 1 --- --- 

839 --- 1 0 --- 

530 --- 0.03 0.97 --- 

400 --- 0.04 0.96 --- 

Ti-4Ta-1.8Zr-1.5Mo-1Cu 

1673 1 0 --- --- 

1641 0 1 --- --- 

825 --- 1 0 --- 

670 --- 0.09 0.91 0 

400 --- 0.04 0.93 0.03 

Ti-4Ta-1.8Zr-1.5Mo-3Cu 

1649 1 0 --- --- 

1567 0 1 --- --- 

796 --- 1 0 --- 

745 --- 0.49 0.51 0 

400 --- 0.04 0.88 0.08 

Ti-4Ta-1.8Zr-1.5Mo-5Cu 

1629 1 0 --- --- 

1485 0 1 --- --- 

767 --- 1 0 --- 

759 --- 0.92 0.08 0 

400 --- 0.04 0.83 0.13 

Ti-4Ta-1.8Zr-1.5Mo-10Cu 

1571 1 0 --- --- 

1250 0 1 --- --- 

894 --- 1 --- 0 

758 --- 0.86 0 0.14 

400 --- 0.04 0.7 0.26 
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Figure 4.31: Phase proportion diagram for Ti-4Ta-1.8Zr-1.5Mo. Figure 4.32: Phase proportion diagram for Ti-4Ta-1.8Zr-1.5Mo-1Cu.   Figure 4.33: Phase proportion diagram for Ti-4Ta-1.8Zr-

1.5Mo-3Cu. 

 

                                                                           

                                                  Figure 4.34: Phase proportion diagram for Ti-4Ta-1.8Zr-1.5Mo-5Cu.          Figure 4.35: Phase proportion diagram for Ti-4Ta-1.8Zr-1.5Mo-10Cu.
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4.8. Ti-6Ta-2Zr-1.5Mo-xCu compositions  

The results for Ti-6Ta-2Zr-1.5Mo-xCu (x = 1, 3, 5 and 10 wt%) (Table 4.9) were similar to Ti-

8Nb-4Zr-xCu (x = 1, 3, 5 and 10 wt%) (Table 4.5) at 400°C. However, the BCC_A2 to HCP_A3 

transformation temperatures were different, as given in Table 4.9 and Table 4.5. The phase 

proportion diagrams for Ti-6Ta-2Zr-1.5Mo-xCu (x = 0, 1, 3, 5 and 10 wt%) are shown in Figures 

4.36 - 4.40, and Table 4.9 gives the phase information.  

 

Table 4.9: Phase information for Ti-6Ta-2Zr-1.5Mo-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-6Ta-2Zr-1.5Mo 

1691 1 0 --- --- 

1679 0 1 --- --- 

830 --- 1 0 --- 

555 --- 0.04 0.96 --- 

400 --- 0.05 0.95 --- 

Ti-6Ta-2Zr-1.5Mo-1Cu 

1679 1 0 --- --- 

1645 0 1 --- --- 

815 --- 1 0 --- 

666 --- 0.12 0.88 0 

400 --- 0.06 0.92 0.02 

Ti-6Ta-2Zr-1.5Mo-3Cu 

1658 1 0 --- --- 

1569 0 1 --- --- 

786 --- 1 0 --- 

737 --- 0.53 0.47 0 

400 --- 0.06 0.88 0.08 

Ti-6Ta-2Zr-1.5Mo-5Cu 

1635 1 0 --- --- 

1485 0 1 --- --- 

757 --- 1 0 --- 

754 --- 0.96 0.04 0 

400 --- 0.06 0.81 0.13 

Ti-6Ta-2Zr-1.5Mo-10Cu 

1578 1 0 --- --- 

1245 0 1 --- --- 

895 --- 1 --- 0 

751 --- 0.85 0 0.15 

400 --- 0.06 0.68 0.26 
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Figure 4.36: Phase proportion diagram for Ti-6Ta-2Zr-1.5Mo.   Figure 4.37: Phase proportion diagram for Ti-6Ta-2Zr-1.5Mo-1Cu. Figure 4.38: Phase proportion diagram for Ti-6Ta-2Zr-1.5Mo-

3Cu. 

                                                                             

                                                    Figure 4.39: Phase proportion diagram for Ti-6Ta-2Zr-1.5Mo-5Cu.        Figure 4.40: Phase proportion diagram for Ti-6Ta-2Zr-1.5Mo-10Cu.
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4.9. Ti-8Ta-1.5Mo-1.5Zr-xCu compositions  

Table 4.10 gives the phase information for Ti-8Ta-1.5Mo-1.5Zr-xCu (x = 0, 1, 3, 5 and 10 wt%). 

Ti-8Ta-1.5Mo-1.5Zr-xCu had higher BCC_A2, and lower HCP_A3 fractions than Ti-6Nb-4Zr-

xCu (Table 4.4) at 400°C. The same HCP_A3 fractions were found in Ti-8Ta-1.5Mo-1.5Zr (Table 

4.10) and Ti-8Nb-4Zr (Table 4.5) at 400°C. Thermo-Calc predicted similar Ti2Cu proportions in 

Ti-8Ta-1.5Mo-1.5Zr-xCu (Table 4.10), Ti-6Nb-4Zr-xCu (Table 4.4), Ti-8Nb-4Zr-xCu (Table 4.5), 

Ti-6Al-4V-xCu (Table 4.2) and Ti-10.1Ta-1.7Nb-1.6Zr-xCu (Table 4.3) at 400°C. The phase 

proportion diagrams for Ti-8Ta-1.5Mo-1.5Zr-xCu (x = 0, 1, 3, 5 and 10 wt%) are shown in Figures 

4.41 - 4.45. 

 

Table 4.10: Phase information for Ti-8Ta-1.5Mo-1.5Zr-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-8Ta-1.5Mo-1.5Zr 

1699 1 0 --- --- 

1686 0 1 --- --- 

824 --- 1 0 --- 

570 --- 0.05 0.95 --- 

400 --- 0.07 0.93 --- 

Ti-8Ta-1.5Mo-1.5Zr-1Cu 

1689 1 0 --- --- 

1651 0 1 --- --- 

809 --- 1 0 --- 

660 --- 0.14 0.86 0 

400 --- 0.07 0.91 0.02 

Ti-8Ta-1.5Mo-1.5Zr-3Cu 

1667 1 0 --- --- 

1576 0 1 --- --- 

779 --- 1 0 --- 

731 --- 0.56 0.44 0 

400 --- 0.07 0.85 0.08 

Ti-8Ta-1.5Mo-1.5Zr-5Cu 

1644 1 0 --- --- 

1493 0 1 --- --- 

750 --- 1 0 --- 

749 --- 0.99 0.01 0 

400 --- 0.07 0.8 0.13 

Ti-8Ta-1.5Mo-1.5Zr-10Cu 

1587 1 0 --- --- 

1256 0 1 --- --- 

893 --- 1 --- 0 

744 --- 0.85 0 0.15 

400 --- 0.07 0.67 0.26 
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Figure 4.41: Phase proportion diagram for Ti-8Ta-1.5Mo-1.5Zr. Figure 4.42: Phase proportion diagram for Ti-8Ta-1.5Mo-1.5Zr-1Cu. Figure 4.43: Phase proportion diagram for Ti-8Ta-1.5Mo-

1.5Zr-3Cu. 

 

                                                                                 

                                                     Figure 4.44: Phase proportion diagram for Ti-8Ta-1.5Mo-1.5Zr-5Cu.       Figure 4.45: Phase proportion diagram for Ti-8Ta-1.5Mo-1.5Zr-10Cu.
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4.10. Ti-8Zr-4Ta-2Mo-xCu compositions 

At 400°C, Ti-8Zr-4Ta-2Mo (Table 4.11) had less BCC_A2 and more HCP_A3 than Ti-10.1Ta-

1.7Nb-1.6Zr (Table 4.3) and Ti-8Nb-4Zr (Table 4.5), whereas similar phase proportions were 

found in Ti-8Zr-4Ta-2Mo when compared to Ti-6Nb-4Zr (Table 4.4). Table 4.11 gives the phase 

information for Ti-8Zr-4Ta-2Mo-xCu (x = 0, 1, 3, 5 and 10 wt%), and Figures 4.46 - 4.50 show 

the phase proportion diagrams. 

 

Table 4.11: Phase information for Ti-8Zr-4Ta-2Mo-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-8Zr-4Ta-2Mo 

1671 1 0 --- --- 

1658 0 1 --- --- 

805 --- 1 0 --- 

490 --- 0.05 0.95 --- 

400 --- 0.05 0.95 --- 

Ti-8Zr-4Ta-2Mo-1Cu 

1659 1 0 --- --- 

1616 0 1 --- --- 

790 --- 1 0 --- 

677 --- 0.22 0.78 0 

400 --- 0.05 0.92 0.03 

Ti-8Zr-4Ta-2Mo-3Cu 

1637 1 0 --- --- 

1523 0 1 --- --- 

760 --- 1 0 --- 

734 --- 0.73 0.27 0 

400 --- 0.05 0.86 0.09 

Ti-8Zr-4Ta-2Mo-5Cu 

1614 1 0 --- --- 

1415 0 1 --- --- 

781 --- 1 --- 0 

744 --- 0.97 0 0.03 

400 --- 0.05 0.81 0.14 

Ti-8Zr-4Ta-2Mo-10Cu 

1555 1 0 --- --- 

1087 0 1 --- --- 

931 --- 1 --- 0 

741 --- 0.82 0 0.18 

400 --- 0.05 0.67 0.28 
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Figure 4.46: Phase proportion diagram for Ti-8Zr-4Ta-2Mo.   Figure 4.47: Phase proportion diagram for Ti-8Zr-4Ta-2Mo-1Cu.  Figure 4.48: Phase proportion diagram for Ti-8Zr-4Ta-2Mo-

3Cu. 

                                                                               

                                                          Figure 4.49: Phase proportion diagram for Ti-8Zr-4Ta-2Mo-5Cu.           Figure 4.50: Phase proportion diagram for Ti-8Zr-4Ta-2Mo-10Cu.
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4.11. Ti-3.5Ta-3Nb-3Zr-xCu compositions 

Table 4.12 gives the phase information for Ti-3.5Ta-3Nb-3Zr-xCu (x = 0, 1, 3, 5 and 10 wt%). The 

results were very similar to Ti-6Nb-4Zr-xCu (Table 4.4). The BCC_A2 fractions at 400°C were 

slightly less, whereas HCP_A3 were more compared to Ti-8Nb-4Zr-xCu (Table 4.5) and Ti-

10.1Ta-1.7Nb-1.6Zr-xCu (Table 4.3). The phase proportion diagrams for Ti-3.5Ta-3Nb-3Zr-xCu 

(x = 0, 1, 3, 5 and 10 wt%) are shown in Figures 4.51 - 4.55. 

  

Table 4.12: Phase information for Ti-3.5Ta-3Nb-3Zr-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-3.5Ta-3Nb-3Zr 

1677 1 0 --- --- 

1669 0 1 --- --- 

825 --- 1 0 --- 

590 --- 0.02 0.98 --- 

400 --- 0.04 0.96 --- 

Ti-3.5Ta-3Nb-3Zr-1Cu 

1665 1 0 --- --- 

1635 0 1 --- --- 

812 --- 1 0 --- 

666 --- 0.07 0.93 0 

400 --- 0.04 0.93 0.03 

Ti-3.5Ta-3Nb-3Zr-3Cu 

1643 1 0 --- --- 

1560 0 1 --- --- 

784 --- 1 0 --- 

735 --- 0.5 0.5 0 

400 --- 0.04 0.88 0.08 

Ti-3.5Ta-3Nb-3Zr-5Cu 

1620 1 0 --- --- 

1479 0 1 --- --- 

756 --- 1 0 --- 

751 --- 0.94 0.06 0 

400 --- 0.04 0.83 0.13 

Ti-3.5Ta-3Nb-3Zr-10Cu 

1562 1 0 --- --- 

1246 0 1 --- --- 

890 --- 1 --- 0 

749 --- 0.86 0 0.14 

400 --- 0.04 0.70 0.26 
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Figure 4.51: Phase proportion diagram for Ti-3.5Ta-3Nb-3Zr.   Figure 4.52: Phase proportion diagram for Ti-3.5Ta-3Nb-3Zr-1Cu. Figure 4.53: Phase proportion diagram for Ti-3.5Ta-3Nb-3Zr-

3Cu. 

 

 

                                                                      

                                              Figure 4.54: Phase proportion diagram for Ti-3.5Ta-3Nb-3Zr-5Cu.         Figure 4.55: Phase proportion diagram for Ti-3.5Ta-3Nb-3Zr-10Cu.
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4.12. Ti-4.5Nb-4Ta-1.5Zr-xCu compositions  

The results for Ti-4.5Nb-4Ta-1.5Zr-xCu (x = 0, 1, 3, 5 and 10 wt%) (Table 4.13) were similar to 

Ti-6Nb-4Zr-xCu (Table 4.4) and Ti-8Nb-4Zr-xCu (Table 4.5). Ti-4.5Nb-4Ta-1.5Zr-xCu had less 

BCC_A2 and more HCP_A3 than Ti-10.1Ta-1.7Nb-1.6Zr-xCu (Table 4.3) at 400°C. The BCC_A2 

and HCP_A3 fractions were higher in Ti-4.5Nb-4Ta-1.5Zr-xCu compared to Ti-6Al-4V-xCu 

(Table 4.2). Table 4.13 gives the phase information for Ti-4.5Nb-4Ta-1.5Zr-xCu (x = 0, 1, 3, 5 and 

10 wt%), and Figures 4.56 - 4.60 show the phase proportion diagrams. 

 

Table 4.13: Phase information for the Ti-4.5Nb-4Ta-1.5Zr-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-4.5Nb-4Ta-1.5Zr 

1684 1 0 --- --- 

1677 0 1 --- --- 

817 --- 1 0 --- 

560 --- 0.05 0.95 --- 

400 --- 0.06 0.94 --- 

Ti-4.5Nb-4Ta-1.5Zr-1Cu 

1673 1 0 --- --- 

1643 0 1 --- --- 

803 --- 1 0 --- 

654 --- 0.12 0.88 0 

400 --- 0.06 0.92 0.02 

Ti-4.5Nb-4Ta-1.5Zr-3Cu 

1651 1 0 --- --- 

1572 0 1 --- --- 

775 --- 1 0 --- 

725 --- 0.54 0.46 0 

400 --- 0.06 0.86 0.08 

Ti-4.5Nb-4Ta-1.5Zr-5Cu 

1629 1 0 --- --- 

1495 0 1 --- --- 

747 --- 1 0 --- 

744 --- 0.98 0.02 0 

400 --- 0.06 0.81 0.13 

Ti-4.5Nb-4Ta-1.5Zr-10Cu 

1572 1 0 --- --- 

1277 0 1 --- --- 

886 --- 1 --- 0 

739 --- 0.85 0 0.15 

400 --- 0.07 0.68 0.25 
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Figure 4.56: Phase proportion diagram for Ti-4.5Nb-4Ta-1.5Zr. Figure 4.57: Phase proportion diagram for Ti-4.5Nb-4Ta-1.5Zr-1Cu. Figure 4.58: Phase proportion diagram for Ti-4.5Nb-4Ta-

1.5Zr-3Cu. 

 

                                   

                                          Figure 4.59: Phase proportion diagram for Ti-4.5Nb-4Ta-1.5Zr-5Cu.                  Figure 4.60: Phase proportion diagram for Ti-4.5Nb-4Ta-1.5Zr-10Cu.
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4.13. Ti-6Zr-4Nb-xCu compositions 

Figures 4.61 - 4.65 show the phase proportion diagrams, and Table 4.14 gives the phase 

information for the Ti-6Zr-4Nb-xCu (x = 0, 1, 3, 5 and 10 wt%). Ti-6Zr-4Nb-xCu and Ti-6Al-4V-

xCu (Table 4.2) had same BCC_A2 proportions at 400°C, but lower HCP_A3 amounts in Ti-6Al-

4V-xCu due to the Ti3Al phase being formed. Ti-6Zr-4Nb-xCu (Table 4.14) had less BCC_A2, 

and more HCP_A3 than Ti-6Nb-4Zr-xCu (Table 4.4), Ti-8Nb-4Zr-xCu (Table 4.5) and Ti-10.1Ta-

1.7Nb-1.6Zr-xCu (Table 4.3) at 400°C. 

 

Table 4.14: Phase information for Ti-6Zr-4Nb-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-6Zr-4Nb 

1657 1 0 --- --- 

1653 0 1 --- --- 

818 --- 1 0 --- 

550 --- 0.02 0.98 --- 

400 --- 0.03 0.97 --- 

Ti-6Zr-4Nb-1Cu 

1646 1 0 --- --- 

1616 0 1 --- --- 

804 --- 1 0 --- 

676 --- 0.09 0.91 0 

400 --- 0.03 0.94 0.03 

Ti-6Zr-4Nb-3Cu 

1623 1 0 --- --- 

1535 0 1 --- --- 

776 --- 1 0 --- 

737 --- 0.57 0.43 0 

400 --- 0.03 0.89 0.08 

Ti-6Zr-4Nb-5Cu 

1601 1 0 --- --- 

1446 0 1 --- --- 

758 --- 1 --- 0 

751 --- 0.99 0 0.01 

400 --- 0.03 0.83 0.14 

Ti-6Zr-4Nb-10Cu 

1541 1 0 --- --- 

1181 0 1 --- --- 

906 --- 1 --- 0 

748 --- 0.84 0 0.16 

400 --- 0.03 0.7 0.27 
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Figure 4.61: Phase proportion diagram for Ti-6Zr-4Nb.               Figure 4.62: Phase proportion diagram for Ti-6Zr-4Nb-1Cu.         Figure 4.63: Phase proportion diagram for Ti-6Zr-4Nb-3Cu. 

 

                                                                 

                                                     Figure 4.64: Phase proportion diagram for Ti-6Zr-4Nb-5Cu.              Figure 4.65: Phase proportion diagram for Ti-6Zr-4Nb-10Cu.
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4.14. Ti-6Zr-2Mo-xCu compositions 

The BCC_A2 proportions at 400°C for Ti-6Zr-2Mo-xCu (x = 0, 1, 3, 5 and 10 wt%) (Table 4.15) 

were very similar to Ti-6Al-4V-xCu (Table 4.2). Table 4.15 shows less BCC_A2 and more 

HCP_A3 compared to Ti-6Nb-4Zr-xCu (Table 4.4), Ti-8Nb-4Zr-xCu (Table 4.5) and Ti-10.1Ta-

1.7Nb-1.6Zr-xCu (Table 4.3) at 400°C. Table 4.15 gives the phase information for Ti-6Zr-2Mo-

xCu (x = 0, 1, 3, 5 and 10 wt%), and Figures 4.66 - 4.70 show the phase proportion diagrams. 

 

Table 4.15: Phase information for Ti-6Zr-2Mo-xCu compositions. 

Composition (wt%) 
Phase formation 

temperature (°C) 

                 Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-6Zr-2Mo 

1661 1 0 --- --- 

1655 0 1 --- --- 

832 --- 1 0 --- 

530 --- 0.04 0.96 --- 

400 --- 0.03 0.97 --- 

Ti-6Zr-2Mo-1Cu 

1649 1 0 --- --- 

1617 0 1 --- --- 

817 --- 1 0 --- 

688 --- 0.12 0.88 0 

400 --- 0.03 0.94 0.03 

Ti-6Zr-2Mo-3Cu 

1627 1 0 --- --- 

1532 0 1 --- --- 

788 --- 1 0 --- 

750 --- 0.58 0.42 0 

400 --- 0.03 0.89 0.08 

Ti-6Zr-2Mo-5Cu 

1604 1 0 --- --- 

1435 0 1 --- --- 

770 --- 1 --- 0 

762 --- 0.99 0 0.01 

400 --- 0.03 0.83 0.14 

Ti-6Zr-2Mo-10Cu 

1547 1 0 --- --- 

1146 0 1 --- --- 

919 --- 1 --- 0 

761 --- 0.84 0 0.16 

400 --- 0.03 0.7 0.27 
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Figure 4.66: Phase proportion diagram for Ti-6Zr-2Mo.               Figure 4.67: Phase proportion diagram for Ti-6Zr-2Mo-1Cu.       Figure 4.68: Phase proportion diagram for Ti-6Zr-2Mo-3Cu. 

 

                                                                             

                                                         Figure 4.69: Phase proportion diagram for Ti-6Zr-2Mo-5Cu.                   Figure 4.70: Phase proportion diagram for Ti-6Zr-2Mo-10Cu.
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 4.15. Ti-10Ta-8Zr-xCu compositions 

Ti-10Ta-8Zr-xCu (Table 4.16) and Ti-8Nb-4Zr-xCu (x = 1, 3, 5 and 10 wt%) (Table 4.5) had the 

same BCC_A2 proportions at 400°C. Lower BCC_A2 proportions and higher HCP_A3 

proportions were found in Ti-10Ta-8Zr-xCu (Table 4.16) at 400°C compared to Ti-10.1Ta-1.7Nb-

1.6Zr-xCu (Table 4.3). The phase proportion diagrams for Ti-10Ta-8Zr-xCu (x = 0, 1, 3, 5 and 10 

wt%) are shown in Figures 4.71-4.75, and Table 4.16 gives the phase information. 

 

Table 4.16: Phase information for Ti-10Ta-8Zr-xCu compositions. 

Composition 

(wt%) 

Phase formation 

temperature (°C) 

                 Phase proportions 

Liquid BCC_A2 HCP_A3 Ti2Cu 

Ti-10Ta-8Zr 

1687 1 0 --- --- 

1667 0 1 --- --- 

802 --- 1 0 --- 

590 --- 0.02 0.98 --- 

400 --- 0.06 0.94 --- 

Ti-10Ta-8Zr-1Cu 

1675 1 0 --- --- 

1625 0 1 --- --- 

788 --- 1 0 --- 

664 --- 0.13 0.87 0 

400 --- 0.06 0.91 0.03 

Ti-10Ta-8Zr-3Cu 

1651 1 0 --- --- 

1534 0 1 --- --- 

761 --- 1 0 --- 

725 --- 0.63 0.37 0 

400 --- 0.06 0.85 0.09 

Ti-10Ta-8Zr-5Cu 

1627 1 0 --- --- 

1432 0 1 --- --- 

759 --- 1 --- 0 

739 --- 0.99 0 0.01 

400 --- 0.06 0.8 0.14 

Ti-10Ta-8Zr-10Cu 

1563 1 0 --- --- 

1135 0 1 --- --- 

909 --- 1 --- 0 

735 --- 0.83 0 0.17 

400 --- 0.06 0.66 0.28 
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Figure 4.71: Phase proportion diagram for Ti-10Ta-8Zr.              Figure 4.72: Phase proportion diagram for Ti-10Ta-8Zr-1Cu.      Figure 4.73: Phase proportion diagram for Ti-10Ta-8Zr-3Cu. 

 

                                                                       

                                                           Figure 4.74: Phase proportion diagram for Ti-10Ta-8Zr-5Cu.           Figure 4.75: Phase proportion diagram for Ti-10Ta-8Zr-10Cu.
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4.16. Discussion of Thermo-Calc results 

Titanium compositions were calculated to mimic the α+β phase proportions found in Ti-6Al-4V 

and Ti-10.1Ta-1.7Nb-1.6Zr (Stenlund et al., 2015) at 400°C, and to have some copper for its 

antibacterial properties (Ren et al., 2014). A two-phase (α+β) Ti alloy has high Young’s modulus, 

high strength and good formability, which are some of the desired mechanical properties for 

biomedical applications (Ren et al., 2014; Zhang et al., 2016b). New Ti compositions were 

identified (Tables 4.4 - 4.16), and zirconium, tantalum, niobium and molybdenum were used as 

non-toxic alloying elements (Leyens & Peters, 2003) to replace the toxic Al and V (Leyens & 

Peters, 2003; Stenlund et al., 2015). Different copper compositions (Cu = 1, 3, 5 and 10 wt%) were 

added to form the Ti2Cu phase, which gives good mechanical and antibacterial properties (Ren et 

al., 2014; Zhang et al., 2016b).   

The following compositions had the α+β phases at 400°C: Ti-10.1Ta-1.7Nb-1.6Zr (Figure 4.6), 

Ti-6Nb-4Zr (Figure 4.11), Ti-8Nb-4Zr (Figure 4.16), Ti-6Nb-2Zr-1.7Ta (Figure 4.21), Ti-6Zr-

4Ta-4Nb (Figure 4.26), Ti-4Ta-1.8Zr-1.5Mo (Figure 4.31), Ti-6Ta-2Zr-1.5Mo (Figure 4.36), Ti-

8Ta-1.5Mo-1.5Zr (Figure 4.41), Ti-8Zr-4Ta-2Mo (Figure 4.46), Ti-3.5Ta-3Nb-3Zr (Figure 4.51), 

Ti-4.5Nb-4Ta-1.5Zr (Figure 4.56), Ti-6Zr-4Nb (Figure 4.61), Ti-6Zr-2Mo (Figure 4.66) and Ti-

10Ta-8Zr (Figure 4.71). Thermo-Calc predicted a Ti3Al phase in Ti-6Al-4V (Figure 4.1) below 

485°C. The Ti3Al phase was not found by Stenlund et al. (2015), who used the COST507 database, 

whereas the calculations in this work used a different database, TTTI3. The formation temperatures 

and proportions of Ti2Cu increased with increased Cu additions in all compositions calculated 

(Tables 4.2 - 4.16). Adding Cu (1, 3, 5 and 10 wt%) decreased the HCP_A3 proportions at 400°C, 

whereas BCC_A2 was less affected (Tables 4.2 - 4.16). The BCC_A2 and HCP_A3 formation 

temperatures decreased when the Cu content was increased, in all calculated Ti compositions.  

Kikuchi et al. (2003) and Zhang et al. (2016b) reported that as-cast Ti-5Cu (wt%) had a good 

balance between strength and ductility for biomedical applications. The as-cast Ti-6Al-4V-5Cu 

(wt%) alloy by Ren et al. (2014) and Ma et al. (2015) gave good antibacterial properties. Based on 

the findings of Kikuchi et al. (2003), Ren et al. (2014), Ma et al. (2015) and Zhang et al. (2016b) 

and the Thermo-Calc results (Sections 4.1-4.15) which showed Ti2Cu could be produced, 5 wt% 

Cu addition was considered for this project because it gave good antimicrobial results. Table 4.17 

gives the liquidus (TL) and solidus (TS), and Ti2Cu formation temperatures of the calculated Ti 

compositions. Adding 5 wt% Cu decreased the liquidus and solidus temperatures, Table 4.17. 

Figure 4.76 shows the Ti2Cu formation temperatures of the different titanium compositions for 5 

wt% Cu additions. Figure 4.77 shows the effect of β stabilisers (Cu, Ta, Mo, V and Nb) on the 

beta (β) phase proportions at 400°C (Figure 4.77a) and Ti2Cu formation temperatures (Figure 

4.77b). On a broad band, as the amount of β stabiliser increased, the amount of β also increased at 

400°C (Figure 4.77a). It is on a very broad band, because some β stabilisers were more effective. 

Figure 4.77b shows that on average, as the proportion of β stabiliser increased, the formation 

temperature of Ti2Cu decreased. This agreed with Leyens & Peters (2003) and Akahori et al. 

(2005) for more stable β. 
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Table 4.17: Liquidus (TL) and solidus (TS), and Ti2Cu formation temperatures of the different titanium 

compositions. 

Composition (wt%) TL (ºC) TS (ºC) Ti2Cu form. (ºC) 

Ti-6Zr-4Nb 1657 1653 --- 

Ti-6Zr-4Nb-5Cu 1601 1446 758 

Ti-6Zr-2Mo 1661 1655 --- 

Ti-6Zr-2Mo-5Cu 1604 1435 770 

Ti-6Zr-4Ta-4Nb 1673 1663 --- 

Ti-6Zr-4Ta-4Nb-5Cu 1616 1450 760 

Ti-8Zr-4Ta-2Mo 1671 1658 --- 

Ti-8Zr-4Ta-2Mo-5Cu 1614 1415 781 

Ti-4.5Nb-4Ta-1.5Zr 1684 1677 --- 

Ti-4.5Nb-4Ta-1.5Zr-5Cu 1629 1495 744 

Ti-6Nb-4Zr 1665 1661 --- 

Ti-6Nb-4Zr-5Cu 1609 1467 756 

Ti-8Nb-4Zr 1669 1664 --- 

Ti-8Nb-4Zr-5Cu 1613 1468 762 

Ti-6Nb-2Zr-1.7Ta 1676 1671 --- 

Ti-6Nb-2Zr-1.7Ta-5Cu 1621 1488 747 

Ti-3.5Ta-3Nb-3Zr 1677 1669 --- 

Ti-3.5Ta-3Nb-3Zr-5Cu 1620 1479 751 

Ti-4Ta-1.8Zr-1.5Mo 1683 1675 --- 

Ti-4Ta-1.8Zr-1.5Mo-5Cu 1629 1485 759 

Ti-6Ta-2Zr-1.5Mo 1691 1679 --- 

Ti-6Ta-2Zr-1.5Mo-5Cu 1635 1485 754 

Ti-8Ta-1.5Mo-1.5Zr 1699 1686 --- 

Ti-8Ta-1.5Mo-1.5Zr-5Cu 1644 1493 749 

Ti-10Ta-8Zr 1687 1667 --- 

Ti-10Ta-8Zr-5Cu 1627 1432 759 

Ti-10.1Ta-1.7Nb-1.6Zr 1704 1688 --- 

Ti-10.1Ta-1.7Nb-1.6Zr-5Cu 1647 1450 741 

Ti-6Al-4V 1703 1698 --- 

Ti-6Al-4V-5Cu 1652 1548 760 
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Figure 4.76: Ti2Cu formation temperatures of the different titanium compositions. 

 

  

Figure 4.77: Effect of beta-stabilisers on: (a) beta phase proportions at 400°C and (b) Ti2Cu formation 

temperatures. 

 

4.17. Cost analysis 

The costs and availability of alloying elements to make the alloys were considered. Table 4.18 

gives the materials costs for the calculated Ti compositions, and Appendix A gives the actual 

calculations. This does not consider the processing costs, which were assumed to be the same for 

the different alloys, and so could be ignored in comparing different potential alloys. The Ti-6Al-

4V alloy was considered expensive (Table 4.18) due to expensive Al and V (Table 3.2), and CP-

Ti was the cheapest. The Ti-6Zr-2Mo-xCu (x = 0 and 5 wt%) were the cheapest amongst the newly 

identified Ti compositions, followed by Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) 

(Table 4.18). The cost of Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) was neither cheap nor expensive (Table 

4.18).           
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Table 4.18: Costs for the different Ti compositions. 

Composition (wt%) Cost (R)/10 g Composition (wt%) Cost (R)/10 g 

Ti-6Zr-2Mo 303.24 Ti-6Ta-2Zr-1.5Mo 327.33 

Ti-6Zr-2Mo-5Cu 446.77 Ti-6Ta-2Zr-1.5Mo-5Cu 470.86 

Ti-6Nb-4Zr 306.36 Ti-8Zr-4Ta-2Mo 329.63 

Ti-6Nb-4Zr-5Cu 449.89 Ti-8Zr-4Ta-2Mo-5Cu 473.16 

Ti-8Nb-4Zr 307.83 Ti-6Zr-4Ta-4Nb 331.26 

Ti-8Nb-4Zr-5Cu 451.36 Ti-6Zr-4Ta-4Nb-5Cu 474.79 

Ti-6Zr-4Nb 309.54 Ti-8Ta-1.5Mo-1.5Zr 337.03 

Ti-6Zr-4Nb-5Cu 453.07 Ti-8Ta-1.5Mo-1.5Zr-5Cu 480.56 

Ti-6Nb-2Zr-1.7Ta 310.92 Ti-10Ta-8Zr 365.56 

Ti-6Nb-2Zr-1.7Ta-5Cu 454.45 Ti-10Ta-8Zr-5Cu 509.09 

Ti-4Ta-1.8Zr-1.5Mo 316.01 Ti-10.1Ta-1.7Nb-1.6Zr 352.43 

Ti-4Ta-1.8Zr-1.5Mo-5Cu 459.54 Ti-10.1Ta-1.7Nb-1.6Zr-5Cu 481.33 

Ti-3.5Ta-3Nb-3Zr 320.82 Ti-6Al-4V 453.81 

Ti-3.5Ta-3Nb-3Zr-5Cu 464.35 Ti-6Al-4V-5Cu 582.71 

Ti-4.5Nb-4Ta-1.5Zr 321.14 CP-Ti 292.60 

Ti-4.5Nb-4Ta-1.5Zr-5Cu 464.67 CP-Ti-5Cu 421.50 

 

Based on the costs (Table 4.18) and similar α+β phase proportions (Tables 4.4 - 4.16) to Ti-6Al-

4V (Table 4.2) and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) (Table 4.3), the Ti-6Nb-4Zr-xCu and Ti-8Nb-

4Zr-xCu (x = 0 and 5 wt%) were the proposed Ti compositions for this project (Table 3.4), and 

these were manufactured for subsequent testing. 
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Chapter 5: Experimental Results 

This chapter presents the experimental results to address the aims/objectives of the project. The 

summary of the experimental findings on the study of the microstructures, hardness and the 

thermo-mechanical testing of Ti alloys is given.  

5.1. Optical and SEM microstructural analysis  

The microstructures of as-cast Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) were 

studied, and compared with the as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (Stenlund et 

al., 2015) alloys. The microstructures were classified as lamellar, equiaxed and/or bimodal, 

depending on the morphology of the αTi and βTi phases (Lütjering, 1998; Leyens & Peters, 2003). 

The XRD analysis were done to identify the existing phases, and EDX for composition analysis.  

5.1.1. As-received Ti-6Al-4V alloy 

The optical micrographs and SEM-BSE images of the as-received Ti-6Al-4V alloy are shown in 

Figure 5.1, and Table 5.1 gives the EDX results. The microstructure consisted of αTi lamellae 

within the prior βTi grains (Figure 5.1a), which were also shown in the SEM-BSE image (Figure 

5.1b). Figure 5.2 shows the XRD patterns of the as-received Ti-6Al-4V alloy. The XRD analysis 

showed broad αTi and βTi peaks, which were mostly matched and shifted from pure Ti values 

because of the Al and V additions (Figure 5.2). The Ti3Al phase predicted by Thermo-Calc (Table 

4.2) was identified by XRD but was not identified in the microstructures either optically or using 

SEM. However, TEM could be a possible method, although it might have also been missed because 

of its small proportion. 

 

  

Figure 5.1: As-received Ti-6Al-4V (wt%): (a) Optical micrograph and (b) SEM-BSE image. 

 

Table 5.1: EDX analyses of the as-received Ti-6Al-4V (wt%) alloy. 

Alloy Phase description Ti Al V Phase 

 

As-received Ti-6Al-4V 

 

Overall 89.9 ± 0.5 6.1 ± 0.5 4.0 ± 0.2 --- 

Grain boundary layer 89.6 ± 1.1 6.2 ± 0.4 4.2 ± 1.3 αTi 

Lamellae/basketweave 89.8 ± 1.0 6.5 ± 0.4 3.7 ± 1.0 αTi 
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Figure 5.2: XRD analysis of the wrought Ti-6Al-4V (wt%) alloy (Bodunrin, 2018), showing Ti and Ti 

peaks shifted due to alloying. 

 

5.1.2. As-received Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloy 

Figure 5.3 shows the optical micrograph and SEM-BSE images of the as-received Ti-10.1Ta-

1.7Nb-1.6Zr alloy, which was in bar form, and the EDX results are given in Table 5.2. The optical 

micrograph (Figures 5.3a) shows an equiaxed microstructure, which consisted of globular αTi 

grains within the transformed βTi matrix, and was confirmed by the SEM-BSE image (Figure 

5.3b). The EDX analyses (Table 5.2) indicated a higher Ta content in the βTi matrix compared to 

the αTi phase. The overall compositions were outside the range of the αTi and βTi phase, 

suggesting inhomogeneity in the Ti-10.1Ta-1.7Nb-1.6Zr alloy (Table 5.2). The XRD analysis 

showed mainly shifted αTi peaks due to the alloying (Figure 5.4).  

 

  

Figure 5.3: As-received Ti-10.1Ta-1.7Nb-1.6Zr (wt%): (a) Optical micrograph and (b) SEM-BSE image. 
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Table 5.2: EDX analyses of the as-received Ti-10.1Ta-1.7Nb-1.6Zr (wt%) (TTNZ) alloy. 

Alloy Phase 

description 

Ti Ta Nb Zr Phase 

 

As-received TTNZ 

 

Overall 87.4 ± 1.5 10.6 ± 1.5 0.6 ± 0.4 1.4 ± 1.1 --- 

Matrix 86.9 ± 1.1 10.8 ± 0.9 0.2 ± 0.4 2.2. ± 0.4 βTi 

Globules  87.3 ± 0.7 10.2 ± 1.1 0.3 ± 0.5 2.2. ± 0.6 αTi 

 

 

 

 

Figure 5.4: XRD analysis of the as-received Ti-10.1Ta-1.7Nb-1.6Zr (wt%) (TTNZ) alloy, showing mainly 

shifted Ti peaks due to the alloying. 

 

5.1.3. As-cast Ti-6Nb-4Zr-xCu alloy 

The optical micrograph and SEM-BSE images of the as-cast Ti-6Nb-4Zr-xCu (x = 0 and 5 wt%) 

alloys are shown in Figures 5.5 and 5.6. The Ti-6Nb-4Zr alloy comprised fine αTi laths growing in 

different directions and forming clusters within the βTi matrix (Figure 5.5a). Figure 5.5a showed αTi 

laths, and also visible in the SEM-BSE image shown in Figure 5.5b. The dark precipitates in the 

optical micrograph (Figure 5.6a) were thought to be the Ti2Cu phase, and formed within the grains 

and grain boundaries of the Ti-6Nb-4Zr-5Cu alloy (Figure 5.6a), but were not as clearly visible in 

the SEM-BSE image of Ti-6Nb-4Zr-5Cu (Figure 5.6b). Table 5.3 gives the EDX results of the Ti-

6Nb-4Zr-xCu (x = 0 and 5 wt%) alloys. The EDX analyses for Ti-6Nb-4Zr-5Cu indicated a higher 

Cu content in the βTi phase compared to the αTi phase (Table 5.3). The EDX results also confirmed 

the dark phases in Ti-6Nb-4Zr-5Cu (Figure 5.6a) as the Ti2Cu precipitates, and indicated 

inhomogeneity in Ti-6Nb-4Zr and Ti-6Nb-4Zr-5Cu due to the overall Zr composition lying outside 

the range of the αTi and βTi phase (Table 5.3). The XRD results of the Ti-6Nb-4Zr alloy (Figure 5.7) 

showed mainly shifted αTi (hcp) peaks due to alloying, and some Ti2Cu for 5 wt% Cu added (Ti-

6Nb-4Zr-5Cu) (Figure 5.8). 
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Figure 5.5: As-cast Ti-6Nb-4Zr (wt%): (a) Optical micrograph and (b) SEM-BSE image. 

 

  

Figure 5.6: As-cast Ti-6Nb-4Zr-5Cu (wt%): (a) Optical micrograph and (b) SEM-BSE image. 

 

Table 5.3: EDX analyses of the as-cast Ti-6Nb-4Zr-xCu (wt%) alloys. 

Alloy Phase 

description 

     Ti Nb Zr Cu Phase 

 

Ti-6Nb-4Zr 

 

Overall 87.9 ± 2.1 8.1 ± 1.2 4.0 ± 1.2 --- --- 

Matrix  

(light) 

88.6 ± 1.2 8.5 ± 0.9 2.9 ± 0.5 --- βTi 

Laths 

(dark) 

88.6 ± 1.0 8.2 ± 0.6 3.2 ± 0.6 --- αTi 

 

 

Ti-6Nb-4Zr-5Cu 

Overall 85.6 ± 1.8 6.3 ± 0.9 3.4 ± 0.4 4.7 ± 0.9 --- 

Matrix  

(light) 

84.7 ± 1.9 7.1 ± 1.0 3.0 ± 0.8 5.2 ± 1.3 βTi 

Fine laths 

(dark)  

88.6 ± 1.6 5.7 ± 0.4 3.2 ± 0.7 2.5 ± 1.1 αTi 
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Figure 5.7: XRD analysis of the as-cast Ti-6Nb-4Zr (wt%) alloy, showing mainly shifted Ti peaks due to 

alloying. 

 

 

Figure 5.8: XRD analysis of the as-cast Ti-6Nb-4Zr-5Cu (wt%) alloy, showing mainly shifted Ti peaks, 

with some Ti2Cu. 

 

5.1.4. As-cast Ti-8Nb-4Zr-xCu alloy 

Figures 5.9 and 5.10 show the optical micrographs and SEM-BSE image of the as-cast Ti-8Nb-

4Zr-xCu (x = 0 and 5 wt%) alloys. The bimodal microstructure of Ti-8Nb-4Zr (Figures 5.9a) 

consisted of clusters of αTi laths within the prior βTi grains. The SEM-BSE image (Figure 5.9b) 

also showed the αTi laths, and retained βTi. The dark precipitates were thought to be the Ti2Cu 

phase (Figure 5.10a), which formed when 5 wt% Cu was added (Ti-8Nb-4Zr-5Cu). Table 5.4 gives 

the EDX results of the Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys, which indicated a higher Cu 

content in the βTi phase than the αTi phase for 5 wt% Cu. The EDX analyses had large errors and 

also suggested inhomogeneity in the Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys because the overall 
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composition was outside the range of the αTi and βTi phase (Table 5.4). The XRD patterns are 

shown in Figures 5.11 and 5.12. The XRD patterns showed the presence of the αTi (hcp) and small 

peaks for βTi (bcc) in the Ti-8Nb-4Zr alloy (Figure 5.11), and the Ti2Cu phase in the Ti-8Nb-4Zr-

5Cu alloy (Figure 5.12).  

 

  

Figure 5.9: As-cast Ti-8Nb-4Zr (wt%): (a) Optical micrograph and (b) SEM-BSE image. 

 

  

Figure 5.10: As-cast Ti-8Nb-4Zr-5Cu (wt%): (α) Optical micrograph and (b) SEM-BSE image.   

 

Table 5.4: EDX analyses of the as-cast Ti-8Nb-4Zr-xCu (wt%) alloys. 

Alloy Phase 

description 

     Ti Nb Zr Cu Phase 

 

Ti-8Nb-4Zr 

 

Overall 87.9 ± 1.1 8.2 ± 0.5 4.0 ± 0.2 --- --- 

Large laths  88.5 ± 1.3 8.5 ± 0.8 3.0 ± 0.6 --- αTi 

Small laths 89.0 ± 1.5 8.1 ± 0.9 2.9 ± 0.6 --- αTi 

 

 

Ti-8Nb-4Zr-5Cu 

Overall 82.6 ± 2.9 7.5 ± 1.9 4.7 ± 1.2 5.3 ± 2.1 --- 

Matrix 83.4 ± 3.1 8.3 ± 2.2 2.5 ± 1.8 5.8 ± 2.5 βTi 

Dark 85.2 ± 2.9 8.9 ± 1.8 1.6 ± 1.6 4.3 ± 2.5 αTi 
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Figure 5.11: XRD analysis of the as-cast Ti-8Nb-4Zr (wt%) alloy, showing peaks for Ti, and small peaks 

for Ti shifted by alloying. 

 

 

Figure 5.12: XRD analysis of the as-cast Ti-8Nb-4Zr-5Cu (wt%) alloy, showing Ti, and small Ti peaks 

shifted by alloying and Ti2Cu. 

 

5.2. Vickers micro-hardness testing  

The Vickers micro-hardness testing was done to study the mechanical properties. The micro-

hardness measurements of the as-cast Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) 

alloys, and the average hardness values are shown in Figure 5.13. The hardness of the as-received 

Ti-6Al-4V (335 ± 9 HV) and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) (136 ± 6 HV) alloys were also 

measured for comparison. The hardnesses of Ti-6Nb-4Zr (280 ± 13 HV) and Ti-8Nb-4Zr (285 ± 

7 HV) were lower than the Ti-6Al-4V, and higher than TTNZ (Figure 5.13). Figure 5.13 shows 

that adding 5 wt% Cu increased the hardness of Ti-6Nb-4Zr (334 ± 11 HV) and Ti-8Nb-4Zr (358 

± 7 HV), thus giving ~16% increase in hardness for Ti-6Nb-4Zr, and ~20% for Ti-8Nb-4Zr. The 
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hardness results (Figure 5.13) indicated Ti-8Nb-4Zr-5Cu as the hardest alloy, although the 

overlapping error bars showed that the hardnesses of Ti-8Nb-4Zr-5Cu, Ti-6Nb-4Zr-5Cu and Ti-

6Al-4V were statistically the same, and the Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) as the less hard alloy. 

The error bars of Ti-8Nb-4Zr and Ti-6Nb-4Zr also overlapped considerably, showing that they 

were nearly the same statistically. 

 

 

Figure  5.13: Mean Vickers hardness of the investigated alloys. 

 

5.3. Hot compression testing 

Hot deformation behaviour of the as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) 

alloys was evaluated using stress-strain curves. The microstructures as a function of deformation 

temperature and strain rates were also investigated. Figure 5.30 shows the stress-strain curves 

obtained from uniaxial compression testing of the Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys, 

at 850°C and 950°C, and 0.1 s-1 and 10 s-1 strain rates. 

 

5.3.1. Microstructures of the deformed Ti-6Al-4V alloy 

The microstructure of Ti-6Al-4V, deformed at 850°C and 0.1 s-1 strain rate (Figure 5.14a), 

consisted of αTi laths and transformed βTi phases, whereas at 950°C and 0.1 s-1 (Figure 5.14b) the 

microstructure comprised globular αTi in the transformed βTi matrix. The SEM-BSE images 

showed αTi globules within the transformed βTi matrix (Figure 5.15b). This indicated that 
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increasing the deformation temperature led to globularisation and growth of the alpha phase. Table 

5.5 gives the EDX analyses and suggested inhomogeneity because the overall composition was 

outside of range of the αTi and βTi phases. The XRD results (Figures 5.16 and 5.17) showed αTi 

and βTi peaks shifted by alloying, and the low peaks of the Ti3Al phase. 

 

  

Figure 5.14: Optical micrographs of as-received Ti-6Al-4V (wt%) deformed at 0.1 s-1 strain rate: (a) 850°C 

and (b) 950°C. 

 

  

Figure 5.15: SEM-BSE images of as-received Ti-6Al-4V (wt%) deformed at 0.1 s-1 strain rate: (a) 850°C and 

(b) 950°C.  

 

 

Table 5.5: EDX analyses of the as-received Ti-6Al-4V (wt%) alloy deformed 850°C and 950°C for 0.1 s-1 

strain rate. 

 

Alloy Phase description Ti Al V Phase 

 

Ti-6Al-4V 

 

      (850°C and 0.1 s-1) 

Overall 90.4 ± 1.5 5.4 ± 1.1 4.2 ± 1.2 --- 

Matrix 90.6 ± 1.1 5.9 ± 0.8 3.5 ± 0.8 βTi 

Globules 90.9 ± 1.3 5.9 ± 0.6 3.2 ± 1.1 αTi 

 

Ti-6Al-4V 

     (950°C and 0.1 s-1) 

Overall 90.2 ± 2.0 5.9 ± 0.5 3.9 ± 1.8 --- 

Matrix 91.1 ± 1.5 5.8 ± 0.6 3.1 ± 1.1 βTi 

Globules 90.8 ± 0.6 6.6 ± 0.3 2.6 ± 0.5 αTi  
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Figure 5.16: XRD analysis of the as-received Ti-6Al-4V deformed at 850°C and 0.1 s-1 strain rate, showing 

Ti and Ti peaks shifted by alloying. 

 

 

  

 

Figure 5.17: XRD analysis of the as-received Ti-6Al-4V deformed at 950°C and 0.1 s-1 strain rate, showing 

Ti and Ti peaks shifted by alloying.  

 

 

Figure 5.18 shows the optical micrographs, and Figure 5.19 shows the SEM-BSE images of as-

received Ti-6Al-4V deformed at 10 s-1 strain rate, and 850°C and 950°C. The coarser αTi globules 

were observed at 850°C (Figure 5.18a), whereas finer αTi globules were observed at 950°C (Figure 

5.18b). The SEM-BSE images also showed finer αTi globules at 950°C (Figure 5.19b), and grain 

coarsening at 850°C (Figure 5.19a). The EDX analyses are given in Table 5.6. The overall V 

composition was outside the range of the αTi and βTi phase, suggesting inhomogeneity in the 

deformed Ti-6Al-4V alloy (950°C and 10 s-1) (Table 5.6), although the EDX technique is limited for 

bulk analyses because of the small area analysed. The XRD results (Figures 5.20 and 5.21) showed 

shifted peaks of αTi and βTi due to alloying, and low peaks of the Ti3Al phase.  
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Figure 5.18: Optical micrographs of as-received Ti-6Al-4V deformed at 10 s-1strain rate: (a) 850°C and 

(b) 950°C. 

 

  

Figure 5.19: SEM-BSE images of as-received Ti-6Al-4V deformed at 10 s-1strain rate: (a) 850°C and (b) 

950°C.  

 

 

Table 5.6: EDX analyses of the as-received Ti-6Al-4V (wt%) alloy deformed 850°C and 950°C for 10 s-1 

strain rate. 

Alloy Phase description Ti Al V Phase 

 

Ti-6Al-4V 

      (850°C and 10 s-1) 

Overall 89.3 ± 0.7 6.1 ± 0.4 4.5 ± 0.6 --- 

Matrix 87.2 ± 0.7 4.3 ± 0.3 8.5 ± 0.6 βTi 

Globules 92.4 ± 1.3 6.6 ± 0.3 1.0 ± 0.7 αTi 

 

Ti-6Al-4V 

      (950°C and 10 s-1) 

Overall 89.0 ± 0.7 6.1 ± 0.3 4.9 ± 0.7 --- 

Matrix 89.8 ± 0.9 5.9 ± 0.4 4.3 ± 0.8 βTi 

Globules 90.1 ± 1.2 6.5 ± 0.5 3.4 ± 1.4 αTi 
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Figure 5.20: XRD analysis of the as-received Ti-6Al-4V deformed at 850°C and 10 s-1 strain rate, showing 

Ti and Ti peaks shifted by alloying. 

 

 

  

Figure 5.21: XRD analysis of the as-received Ti-6Al-4V deformed at 950°C and 10 s-1 strain rate, showing 

Ti and Ti peaks shifted by alloying. 

 

 

5.3.2. Microstructures of the deformed Ti-10.1Ta-1.7Nb-1.6Zr alloy 

The optical micrographs of the as-received Ti-10.1Ta-1.7Nb-1.6Zr alloy deformed at 850°C and 

950°C, and 0.1 s-1 strain rate, are shown in Figure 5.22. Figure 5.23 shows the SEM-BSE images. At 

850°C (Figure 5.22a), the microstructure consisted of coarser αTi grains, whereas finer αTi grains 

were observed at 950°C (Figure 5.22b). This was consistent with the SEM-BSE images shown in 

Figures 5.23a and 5.23b. The EDX results (Table 5.7) gave the matrix as βTi and the globular phases 

as αTi. The alloys were thought to be inhomogeneous due to the overall composition lying outside 

the range of the αTi and βTi phase (Table 5.7), which also demonstrated again that EDX is not 

suitable for bulk analysis (because of the small area analysed). The XRD analysis confirmed the 
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existence of αTi and βTi phases (Figures 5.24 and 5.25). However, the βTi phase was not clearly 

visible in Figure 5.24.  

 

  

Figure 5.22: Optical micrographs of as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 0.1 s-1 strain rate: 

(a) 850°C and (b) 950°C. 

 

  

Figure 5.23: SEM-BSE images of as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 0.1 s-1strain rate: (a) 850°C 

and (b) 950°C.  

 

Table 5.7: EDX analyses of the as-received Ti-10.1Ta-1.7Nb-1.6Zr (wt%) alloy deformed 850°C and 950°C 

for 0.1 s-1 strain rate. 

Alloy Phase 

description 

     Ti Ta Nb Zr Phase 

 

Ti-10.1Ta-1.7Nb-1.6Zr 

 

     (850°C and 0.1 s-1) 

 

Overall 87.0 ± 1.2 9.9 ± 1.3 0.8 ± 0.6 2.3 ± 1.1 --- 

Matrix 87.3 ± 1.1 10.5 ± 0.1 0.4 ± 0.5 1.9 ± 0.4 βTi 

Globules 87.3 ± 0.4 10.3 ± 0.8 0.3 ± 0.2 2.1 ± 0.5 αTi 

 

 Ti-10.1Ta-1.7Nb-1.6Zr 

     (950°C and 0.1 s-1) 

Overall 87.4 ± 1.6 10.2 ± 1.5 0.6 ± 0.4 1.8 ± 1.1 --- 

Matrix 86.9 ± 1.1 10.7 ± 0.8 0.3 ± 0.4 2.1 ± 0.4 βTi 

Globules 88.2 ± 0.8 9.3 ± 1.0 0.4 ± 0.3 2.1 ± 0.4 αTi 
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Figure 5.24: XRD analysis of the as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 850°C and 0.1 s-1 strain 

rate, showing mainly Ti with Ti peaks, shifted by alloying. 

 

 

 

 
 

Figure 5.25: XRD analysis of the as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 950°C and 0.1 s-1 strain 

rate, showing mainly Ti with Ti peaks, shifted by alloying. 

 

Figure 5.26 shows the optical micrographs of the as-received Ti-10.1Ta-1.7Nb-1.6Zr alloy deformed 

at 850°C and 950°C, and 10 s-1 strain rate. The optical micrographs show globular αTi grains, and 

the transformed βTi matrix (Figure 5.26). The αTi globules appeared to be coarser at 950°C (Figure 

5.26b), than at 850°C (Figure 5.26a). The SEM-BSE images (Figure 5.27) confirmed the globular 

αTi grains within the transformed βTi matrix. The EDX analyses (Table 5.8) show higher 

compositions of Ta and Nb in the βTi phase compared to the αTi phase. The EDX results also 

suggested inhomogeneity in the deformed Ti-10.1Ta-1.7Nb-1.6Zr alloy (850°C and 10 s-1) due to the 

overall Nb composition lying outside the range of the αTi and βTi phase (Table 5.8). The XRD results 

showed shifted peaks of αTi and βTi due to alloying (Figures 5.28 and 5.29).  
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Figure 5.26: Optical micrographs of as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 10 s-1strain rate: (a) 

850°C and (b) 950°C. 

 

  

Figure 5.27: SEM-BSE images of as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 10 s-1strain rate: (a) 850°C 

and (b) 950°C.  

 

Table 5.8: EDX analyses of the as-received Ti-10.1Ta-1.7Nb-1.6Zr (wt%) alloy deformed 850°C and 950°C 

for 10 s-1 strain rate. 

Alloy Phase 

description 

     Ti Ta Nb Zr Phase 

 

Ti-10.1Ta-1.7Nb-1.6Zr 

     (850°C and 10 s-1) 

 

Overall 86.7 ± 1.3 10.2 ± 0.8 0.8 ± 0.4 2.3 ± 1.1 --- 

Matrix 86.6 ± 0.6 10.9 ± 0.8 0.1 ± 0.2 2.5. ± 0.4 βTi 

Globules 88.0 ± 1.5 9.9 ± 1.1 0.5 ± 0.5 1.7 ± 0.6 αTi 

 

 Ti-10.1Ta-1.7Nb-1.6Zr 

     (950°C and 10 s-1) 

Overall 86.1 ± 0.9 10.3 ± 0.8 1.3 ± 0.7 2.3 ± 0.6 --- 

Matrix 85.2 ± 1.4 10.6 ± 1.4 0.9 ± 0.6 3.3 ± 0.3 βTi 

Globules 86.4 ± 2.4 11.2 ± 0.8 0.5 ± 0.6 1.9 ± 1.3 αTi 
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Figure 5.28: XRD analysis of the as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 850°C and 10 s-1 strain 

rate, showing mainly Ti with Ti peaks, shifted by alloying.  

 

 

 

 
 

Figure 5.29: XRD analysis of the as-received Ti-10.1Ta-1.7Nb-1.6Zr deformed at 950°C and 10 s-1 strain 

rate, showing mainly Ti with Ti peaks, shifted by alloying. 

 

5.3.3. Deformation behaviour of the as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys 

Figure 5.30 shows the stress-strain curves of the as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-

1.6Zr alloys deformed at 850°C and 950°C, and 0.1 s-1 and 10 s-1 strain rates. At 850°C, the Ti-

6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys had higher flow stresses for both 0.1 s-1 and 10 s-1 strain 

rates than at 950°C (Figures 5.30). Figure 5.30 shows that at 850°C, the Ti-6Al-4V alloy had a 

higher flow stress (270 MPa) at 10 s-1 than at 0.1 s-1 (170 MPa), whereas Ti-10.1Ta-1.7Nb-1.6Zr 

had 75 MPa at 10 s-1 and 35 MPa at 0.1 s-1. This indicated that higher flow stresses were observed 

at higher strain rate (10 s-1) and lower temperature (850°C) (Figure 5.30).  
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Figure 5.30 shows that the strain of Ti-6Al-4V was not affected by an increase in strain rate. 

However, the strain was higher (0.53) at 850°C than at 950°C (0.51 strain) for both 0.1 s-1 and 10 

s-1 strain rates, indicating that deformation at lower temperature improved the ductility of the Ti-

6Al-4V alloy (Figure 5.30). At 850°C, the Ti-10.1Ta-1.7Nb-1.6Zr alloy had a higher strain (0.53) 

at 10 s-1 than at 0.1 s-1 strain rate (0.45 strain), whereas at 950°C, a higher strain (0.48) was obtained 

at 0.1 s-1 than 0.40 at 10 s-1 strain rate (Figure 5.30). The results for Ti-10.1Ta-1.7Nb-1.6Zr 

indicated that the ductility improved at higher temperature (950°C) and reduced strain rate (0.1 s-

1), and at lower temperature (850°C) and increased strain rate (10 s-1) (Figure 5.30). The Ti-6Al-

4V had a strain above 0.5 at 850°C and 950°C for both 0.1 s-1 and 10 s-1 (Figure 5.30), whereas 

0.5 strain for Ti-10.1Ta-1.7Nb-1.6Zr was obtained only at 850°C and 10 s-1 (Figure 5.30b). 

Therefore, the Ti-6Al-4V alloy showed better ductility than the Ti-10.1Ta-1.7Nb-1.6Zr alloy 

(Figure 5.30). The alloys lost their initial shapes, but neither fractured.  

 

 

Figure 5.30: Stress-strain curves of the as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (wt%) alloys 

deformed at 850°C and 950°C, and (a) 0.1 s-1 and (b) 10 s-1 strain rates. 

 

Figure 5.31 shows the average hardness values of the as-received and deformed Ti-6Al-4V and 

Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ). At 950°C, Ti-6Al-4V had similar hardness for both 0.1 s-1 (316 

± 5 HV) and 10 s-1 (315 ± 7 HV) strain rates (Figure 5.31). However, the hardness of Ti-6Al-4V 

increased at 850°C and 0.1 s-1 (324 ± 9 HV) as shown in Figure 5.31. The as-received Ti-6Al-4V 

(335 ± 9 HV) had a higher hardness than all deformed Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr 

(TTNZ) alloys (Figure 5.31).  

The as-received Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) (136 ± 6 HV) had a similar hardness to TTNZ 

(136 ± 10 HV) deformed at 950°C and 10 s-1 (Figure 5.31). The TTNZ deformed at 850°C and 10 

s-1 (149 ± 6 HV) had a higher hardness than all other deformed TTNZ alloys, as shown in Figure 

5.31. However, given that the error bars of the samples with higher hardnesses all overlapped, 

these hardnesses were statistically the same, as were all the samples with lower hardnesses.  
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Figure  5.31: Mean Vickers hardness of the as-received and deformed Ti-6Al-4V and Ti-10.1Ta-1.7Nb-

1.6Zr alloys. 
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Chapter 6: Discussion 

This chapter discusses and compares the experimental results.  

6.1. XRD analyses and phase identification 

The XRD analyses of the as-cast Ti-6Nb-4Zr-xCu (Figures 5.7 and 5.8) and Ti-8Nb-4Zr-xCu (x = 0 

and 5 wt%) (Figures 5.11 and 5.12) alloys were done to identify the phases found, compared with 

the as-received Ti-6Al-4V (Figure 5.2) and Ti-10.1Ta-1.7Nb-1.6Zr (Figure 5.4) alloys. Peaks of αTi 

(hcp) and βTi (bcc) were identified in the as-received Ti-6Al-4V, Ti-10.1Ta-1.7Nb-1.6Zr, and the 

as-cast Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys. The peaks were shifted due 

to alloying. The Ti3Al phase, predicated by the Thermo-Calc, was only identified in the as-received 

Ti-6Al-4V alloy (Figure 5.2). The Ti2Cu phase was identified in both Ti-6Nb-4Zr-5Cu (Figure 5.8) 

and Ti-8Nb-4Zr-5Cu alloys (Figure 5.12), due to the 5 wt% Cu added. According to the phase 

proportion diagrams (Figures 4.1, 4.6, 4.11, 4.14, 4.16 and 4.19), the solidification sequences are 

given in Table 6.1. The βTi formed at higher temperature for Ti-6Nb-4Zr and Ti-8Nb-4Zr compared 

with 5 wt% Cu added (Table 6.1). The Ti2Cu formation temperature was lower in Ti-6Nb-4Zr-5Cu 

than Ti-8Nb-4Zr-5Cu (Table 6.1).  

 

Table 6.1: Solidification sequences of the different titanium alloy compositions. 

 

Alloy Solidification sequence  Solidification temperature, from 

Thermo-Calc (°C) 

 

Ti-6Nb-4Zr 

 

L → βTi                           1661 

βTi → αTi                            809 

 

Ti-6Nb-4Zr-5Cu 

L → βTi                           1467 

βTi → Ti2Cu 756 

βTi → Ti2Cu + αTi 743 

 

Ti-8Nb-4Zr 

 

L → βTi                           1664 

βTi → αTi                            793 

 

Ti-8Nb-4Zr-5Cu 

L → βTi                           1468 

βTi → Ti2Cu                  762 

βTi → Ti2Cu + αTi 731 

 

Ti-6Al-4V 

 

L → βTi                           1698 

βTi → αTi                            942 

αTi → Ti3Al                     485 

 

Ti-10.1Ta-1.7Nb-1.6Zr 

 

L → βTi                           1688 

βTi → αTi                            816 

 

6.2. Microstructures  

Lütjering (1998) and Leyens & Peters (2003) reported that titanium alloys consist of lamellar, 

equiaxed or bimodal microstructures, depending on the αTi and βTi morphologies. The 

microstructures of the as-received Ti-6Al-4V (Figure 5.1) and Ti-10.1Ta-1.7Nb-1.6Zr (Figure 5.3), 
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and as-cast Ti-6Nb-4Zr (Figure 5.5) and Ti-8Nb-4Zr (Figure 5.9) consisted of the αTi and βTi phases. 

However, different microstructures due to different αTi and βTi morphologies were observed. The 

Ti-6Nb-4Zr (Figure 5.5a) and Ti-8Nb-4Zr (Figure 5.9a) alloys had bimodal microstructures 

consisting of αTi laths within the βTi matrix, whereas the as-received Ti-6Al-4V alloy had a fully 

lamellar microstructure (Figure 5.1), and the as-received Ti-10.1Ta-1.7Nb-1.6Zr had an equiaxed 

microstructure of globular αTi grains in the transformed βTi matrix (Figure 5.3). The Ti3Al phase, 

predicated by the Thermo-Calc and identified by XRD, was not found in the microstructures of as-

received Ti-6Al-4V alloy, because it was missed in the sampling and study of a small area in the 

SEM. 

The microstructures of as-cast Ti-6Nb-4Zr-5Cu (Figure 5.6) and Ti-8Nb-4Zr-5Cu (Figure 5.10) were 

also studied, and consisted of bimodal structures of αTi and βTi phases, and Ti2Cu precipitates within 

the αTi grains and the βTi matrix. The microstructures Ti-6Nb-4Zr-5Cu and Ti-8Nb-4Zr-5Cu had 

similar αTi, βTi and Ti2Cu morphologies. Fowler et al. (2019d) also found that the Ti2Cu phase 

formed at the interfaces, including grain boundaries between the αTi and βTi phases. The EDX 

analyses indicated high Cu contents in the βTi phase regions than the αTi phase regions in both Ti-

6Nb-4Zr-5Cu (Table 5.3) and Ti-8Nb-4Zr-5Cu (Table 5.4). The solid solubility of Cu in βTi was 5.2 

± 1.3 wt% for Ti-6Nb-4Zr-5Cu (Table 5.3), and 5.8 ± 2.5 wt% for Ti-8Nb-4Zr-5Cu (Table 5.4). The 

EDX results were consistent with Leyens & Peters (2003) regarding Cu as a β-stabiliser.  

 

6.3. Vickers micro-hardness 

The microstructure and alloying elements can significantly affect the mechanical properties of metal 

alloys (Kikuchi et al., 2003; Zhang et al., 2016b). Addition of 5 wt% Cu increased the hardness of 

the as-cast Ti-6Nb-4Zr and Ti-8Nb-4Zr alloys (Figure 5.13), due to the Ti2Cu phase identified by the 

XRD results (Figures 5.8 and 5.12). This was consistent with the results by Kikuchi et al. (2003) and 

Zhang et al. (2016b) for Ti-5Cu (wt%) alloys. The solid solubility of Cu in βTi gave solid solution 

strengthening, and the Ti2Cu precipitates could give precipitation strengthening (Kikuchi et al., 2003; 

Zhang et al., 2016b), hence the improved hardness for the as-cast Ti-6Nb-4Zr and Ti-8Nb-4Zr alloys 

(Figure 5.13). 

The Ti-6Nb-4Zr alloy had a slightly lower hardness than the Ti-8Nb-4Zr alloy, shown in Figure 5.13. 

The Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloy had the lowest hardness of the Ti-6Al-4V, Ti-6Nb-4Zr 

and Ti-8Nb-4Zr alloys (Figure 5.13). This low hardness was attributed to the high Ta content, which 

stabilises the softer βTi phase (Collings, 1984; Leyens & Peters, 2003). This was consistent with the 

SEM results, which showed that Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) (Figure 5.3) had more βTi phase 

retained than Ti-6Al-4V (Figure 5.1), Ti-6Nb-4Zr (Figure 5.5) and Ti-8Nb-4Zr (Figure 5.9). The hcp 

αTi and Ti3Al in Ti-6Al-4V (Figure 5.2) may have contributed more to its hardness than the βTi (bcc) 

phases. Hence, the higher hardness in Ti-6Al-4V than the Ti-6Nb-4Zr and Ti-8Nb-4Zr alloys (Figure 

5.13). This agreed with Collings (1984) and Leyens & Peters (2003) who reported that the hardness 

of Ti alloys increased with increased αTi phase proportions. 
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The as-cast Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys were considered the best compared to the as-

cast Ti-6Nb-4Zr-xCu alloys due to their better hardness with lower standard deviations, although the 

alloys had similar α+β phase proportions and microstructures. 

 

6.4. Hot deformation behaviour of the as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys 

The stress-strain curves (Figure 5.30) were used to evaluate the hot deformation behaviour of the 

as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloys, and their microstructures were 

compared. The alloys were hot compressed at 850°C and 950°C, and 0.1 s-1 and 10 s-1 strain rates. 

The as-received Ti-6Al-4V alloy deformed at 850°C and 0.1 s-1 showed αTi laths (Figure 5.14a), 

which grew into globular αTi grains at 850°C and 10 s-1 (Figure 5.18a), and 950°C and 10 s-1 

(Figure 5.18b). This agreed with Bodunrin (2018) who reported that the elongated αTi laths (Figure 

5.14a) were due to flow softening by dislocation glide and climb, whereas globular αTi grains 

(Figures 5.18a and 5.18b) formed by dynamic globularisation. The results also suggested that the 

globularisation of αTi was influenced by the higher strain rate and an increased deformation 

temperature. The coarser αTi grains (Figure 5.18a) and the finer αTi grains (Figure 5.18b) 

suggested that a higher deformation temperature and strain rate resulted in a finer Ti-6Al-4V 

microstructure. The deformed Ti-6Al-4V microstructures (Figures 5.14 and 5.18) were different 

from the initial microstructure, which was a fully αTi lamellar microstructure (Figure 5.1). The 

SEM-BSE images (Figures 5.15 and 5.19) agreed with Dos Santos (2017) who showed αTi 

globules within the transformed βTi matrix (Figure 2.24).  

The microstructures of the as-received Ti-10.1Ta-1.7Nb-1.6Zr (Figure 5.3a) and the deformed Ti-

10.1Ta-1.7Nb-1.6Zr (Figures 5.22 and 5.26) alloys showed similar morphology of globular αTi 

grains. The deformed Ti-10.1Ta-1.7Nb-1.6Zr (Figures 5.22b and 5.26a) had finer αTi globules, 

and similar to the initial Ti-10.1Ta-1.7Nb-1.6Zr microstructure (Figure 5.3a), whereas Figures 

5.22a and 5.26b showed coarser αTi globules. This suggested that a combination of lower 

temperature and higher strain rate, and/or a higher temperature and lower strain rate, gave a finer 

Ti-10.1Ta-1.7Nb-1.6Zr microstructure. Therefore, the effect of temperature and strain rate on the 

microstructures of the Ti-10.1Ta-1.7Nb-1.6Zr alloys was different to the Ti-6Al-4V alloys. The 

SEM-BSE images of deformed Ti-10.1Ta-1.7Nb-1.6Zr (Figures 5.23 and 5.27) showed αTi 

globules and transformed βTi, and consistent with Dos Santos (2017).  

It was expected that the finer microstructures would give a higher hardness compared to the coarser 

microstructures (Lütjering, 1998; Leyens & Peters, 2003). This was confirmed (Figure 5.31) for 

finer TTNZ at 850°C and 10 s-1 (149 ± 6 HV), and 950°C and 0.1 s-1 (141 ± 4 HV) had a higher 

hardness compared to the coarser TTNZ at 850°C and 0.1 s-1 (138 ± 5 HV), and 950°C and 10 s-1 

(136 ± 10 HV). These results (Figure 5.31) showed that the αTi laths in Ti-6Al-4V (Figure 5.14a) 

deformed at 850°C and 0.1 s-1 (324 ± 9 HV) had a higher hardness than both globular Ti-6Al-4V 

(Figures 5.18a and 5.18b) at 850°C and 10 s-1 (319 ± 5 HV), and 950°C and 10 s-1 (315 ± 7 HV). 

However, the hardness results were within each other’s experimental error region for all deformed 
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Ti6Al4V alloys, and for all deformed TTNZ alloys (Figure 5.31). All deformed Ti6Al4V alloys 

were significantly harder than all deformed TTNZ alloys (Figure 5.31).  

Bodunrin et al. (2017) reported that the αTi to βTi phase transformation contributes to flow 

softening at high temperatures. Figure 5.30 suggested the ductility of Ti-10.1Ta-1.7Nb-1.6Zr 

improved at higher temperature (950°C) and lower strain rate (0.1 s-1), and at lower temperature 

(850°C) and higher strain rate (10 s-1). The ductility of Ti-6Al-4V improved at lower deformation 

temperature (Figure 5.30), and was consistent with the results by Vanderhasten (2008), Bodunrin 

et al. (2017) and Dos Santos (2017). 

Vanderhasten (2008) and Bodunrin (2018) reported that higher flow stresses were observed at 

higher strain rates and lower temperatures. This agreed with the results of the deformed Ti-6Al-

4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys (Figure 5.30). However, the Ti-6Al-4V alloy had higher 

flow stresses than Ti-10.1Ta-1.7Nb-1.6Zr, at 850°C (Figure 5.30). This showed that Ti-6Al-4V 

had higher compressive strength than Ti-10.1Ta-1.7Nb-1.6Zr, thus indicating that Ti-10.1Ta-

1.7Nb-1.6Zr had better formability than Ti-6Al-4V. The Ti-10.1Ta-1.7Nb-1.6Zr alloy with more 

βTi stabilisers than Ti-6Al-4V would be easy to form into shape. This agreed with Leyens & Peters 

(2003) who reported βTi (bcc) as a softer phase than the αTi (hcp) phase.   

The Ti-10.1Ta-1.7Nb-1.6Zr alloy was considered the better alloy due to its less flow stress, thus 

better formability than Ti-6Al-4V, whereas the Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys were 

considered to be better than the Ti-6Nb-4Zr-xCu alloys due to their higher hardness. Comparing 

the hardnesses of all the alloys (Figures 5.13 and 5.31) showed that the new alloys in this work 

were similar to Ti-6Al-4V and all were higher than TTNZ. This suggests that they might be 

suitable for similar applications as Ti-6Al-4V, although more thorough testing needs to be done 

(tensile, fatigue). 
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Chapter 7: Conclusions 

The following compositions had the α+β phases at 400°C: Ti-10.1Ta-1.7Nb-1.6Zr, Ti-6Nb-4Zr, 

Ti-8Nb-4Zr, Ti-6Nb-2Zr-1.7Ta, Ti-6Zr-4Ta-4Nb, Ti-4Ta-1.8Zr-1.5Mo, Ti-6Ta-2Zr-1.5Mo, Ti-

8Ta-1.5Mo-1.5Zr, Ti-8Zr-4Ta-2Mo, Ti-3.5Ta-3Nb-3Zr, Ti-4.5Nb-4Ta-1.5Zr, Ti-6Zr-4Nb, Ti-

6Zr-2Mo and Ti-10Ta-8Zr. The formation temperatures and proportions of Ti2Cu increased with 

increased Cu additions (Cu = 1, 3, 5 and 10 wt%) in all compositions calculated by the Thermo-

Calc program.  

The bimodal microstructures of the as-cast Ti-6Nb-4Zr and Ti-8Nb-4Zr alloys comprised αTi laths 

within the βTi matrix. The Ti-6Nb-4Zr-5Cu and Ti-8Nb-4Zr-5Cu alloys showed similar αTi and 

βTi morphologies, and Ti2Cu within the αTi grains and the βTi matrix. The EDX results indicated 

inhomogeneity in the Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys. The XRD 

analyses of the as-cast Ti-6Nb-4Zr and Ti-8Nb-4Zr alloys showed peaks for αTi, and small peaks 

for βTi, and some Ti2Cu for 5 wt% Cu added. 

The as-cast Ti-6Nb-4Zr and Ti-8Nb-4Zr had a lower hardness compared to the as-received Ti-

6Al-4V, but higher than the as-received Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ). However, the Ti-6Nb-

4Zr alloy had a slightly lower hardness compared to the Ti-8Nb-4Zr alloy. Adding 5 wt% Cu 

increased the hardness of the Ti-6Nb-4Zr and Ti-8Nb-4Zr alloys, due to the Ti2Cu phase formed. 

The Ti-8Nb-4Zr-5Cu alloy had similar hardness to Ti-6Nb-4Zr-5Cu, but with a lower standard 

deviation, and was considered the better alloy. Generally, the new alloys produced had similar 

hardnesses to Ti-6Al-4V, and were higher than for TTNZ. 

An increased deformation temperature and strain rate led to finer globular αTi, thus a finer Ti-6Al-

4V microstructure. A combination of lower temperature and higher strain rate, and/or a higher 

temperature and lower strain rate, gave a finer Ti-10.1Ta-1.7Nb-1.6Zr microstructure. The XRD 

analyses of all deformed Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys showed αTi and βTi peaks. 

The hardness and the ductility of the Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloys 

increased at lower deformation temperature (850°C). The as-received Ti-6Al-4V had a higher 

hardness than all deformed Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloys. 

The Ti-6Al-4V alloy had higher flow stress than the Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloy. 

Therefore, the Ti-10.1Ta-1.7Nb-1.6Zr alloy was considered the better alloy due to its lower flow 

stress, which indicated better formability. 
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Chapter 8: Recommendations  

For future studies of the potential Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys, 

the following recommendations were made: 

 Study the corrosion and antibacterial properties of the Ti-6Nb-4Zr-5Cu and Ti-8Nb-4Zr-

5Cu alloys. 

 Anneal the Ti-6Nb-4Zr-xCu and Ti-8Nb-4Zr-xCu (x = 0 and 5 wt%) alloys to promote 

homogeneity, then check EDX and XRD.  

 Study the thermo-mechanical properties of Ti-6Nb-4Zr and Ti-8Nb-4Zr, and compare with 

the Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloys. 

 Undertake more thorough mechanical tests on the new alloys, e.g. tensile and fatiguge 

testing. 
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Appendix A: Cost calculations 

The actual calculations for the costs for different Ti compositions were: 

Let:                              Ti-6Nb-4Zr (wt%) = 10 g (total mass) 

Then:                            mass (Ti) = 90% 𝑥 10 𝑔 = 9.0 𝑔 𝑇𝑖 

                                     mass (Nb) = 6% 𝑥 10 𝑔 = 0.6 𝑔 𝑁𝑏 

                                     mass (Zr) = 4% 𝑥 10 𝑔 = 0.4 𝑔 𝑍𝑟 

Based on Table 3.2, therefore: 

                                    50 𝑔 𝑇𝑖 = 𝑅 1 463.00 

                                   9.0 𝑔 𝑇𝑖 = 𝑅 𝑋. 00 (let X be unknown) 

                              ˳˚˳ X = 
𝑅 1 463.00 𝑥 9.0 𝑔 𝑇𝑖

50 𝑔 𝑇𝑖
 = R 263.34 (i.e. 9.0 g Ti would cost R 263.34) 

The same calculation procedure was done for Zr and Nb, and gave: 

                                    X = 
𝑅 2 629.00 𝑥 0.4 𝑔 𝑍𝑟

50 𝑔 𝑍𝑟
 = R 21.04 (i.e. 0.4 g Zr would cost R 21.04) 

                                     X = 
𝑅 1 832.00 𝑥 0.6 𝑔 𝑁𝑏

50 𝑔 𝑁𝑏
 = R 21.98 (i.e. 0.6 g Nb would cost R 21.98) 

Therefore, 10 g Ti-6Nb-4Zr (wt%) would cost: 

𝑇𝑜𝑡𝑎𝑙 (𝑅) = 𝑅 263.34 + 𝑅 21.04 +  𝑅 21.98 

                                                            = 𝑹 𝟑𝟎𝟔. 𝟑𝟔 

For each 10 g sample alloy with 5 wt% Cu added, 0.5 g (5% x 10 g) would be copper. Therefore, 

the cost of Cu to make 10 g Ti alloy (with 5 wt% Cu) would be: 

                                   X = 
𝑅 14 353 𝑥 0.5 𝑔 𝐶𝑢

50 𝑔 𝐶𝑢
 = R 143.53 (i.e. 0.5 g Cu would cost R 143.53)  

The same calculation procedure was done for the cost analysis of all identified Ti compositions 

for this project, and Table 4.18 gives the results. 
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